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III  Abstract 

by approximately 22 %, with an enhanced proteolysis observed via SDS-PAGE, 

compared to the control SV-cooked meat. These results were supported by the 

observation of more destruction of the micro- and ultrastructures of SW-treated cooked 

muscles, observed at the end of the simulated digestion.  

The effect of the kiwifruit enzyme actinidin on muscle microstructure was studied using 

Picro-Sirius Red staining (Chapter 7). Meat samples were subjected to two different 

conditions, simulating meat marination (pH 5.6) and gastric digestion in humans (pH 3). 

Actinidin was found to have a greater proteolytic effect on the myofibrillar proteins than 

the connective tissue under both conditions. When compared with pepsin under simulated 

gastric conditions, actinidin had a weaker proteolytic effect on the connective tissue of 

cooked meats. Nevertheless, incubating the cooked meat in a solution containing both 

actinidin and pepsin resulted in more severe muscle structure degradation, when 

compared to muscles incubated in a single enzyme system. Thus, the co-ingestion of 

kiwifruit and meat could promote protein digestion of meat in the stomach. In addition, 

both actinidin and pepsin were successfully located at the edges of the muscle cells and 

in the endomysium using immunohistofluorescence imaging. The observations suggest 

that the incubation solutions penetrate into the muscle through the extracellular matrix to 

the intracellular matrix, enabling the proteases to access their substrates.  

Overall, the present work demonstrated that there were strong interactions between 

processing, muscle protein properties and structure, and in vitro protein digestibility of 

the meat. Processing induces changes in meat protein properties and muscle structure, 

which in turn affects the digestion characteristics of muscle-based foods.
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3 Chapter 1 

 Rapid protein digestion also reduces the possibility of generation of toxic nitrogenous 

metabolites from undigested proteins entering the large intestine (Attene-Ramos et al., 

2010; Hughes et al., 2008).  

The interaction between food consumption and human physiology depends on the food 

composition, properties and structure, along with the pattern and time of consumption 

(Sensoy, 2014). Understanding the interaction between the food matrix, structure, and the 

human digestive system will underpin the rational development of novel muscle-based 

foods with enhanced nutritional value through the use of different processing methods. 

Hence, the main aim of this study is to investigate the effects of different processing 

techniques, alone or in combination, on meat proteins (molecular size and thermal 

stability), muscle structure (molecular, micro- and ultrastructures) and in vitro protein 

digestibility. Meat processing techniques such as PEF, shockwave (SW) processing and 

SV cooking are explored in this project. The findings will provide an insight into how 

different processing techniques affect the meat proteins and structure, which in turn 

influences the digestion characteristics of muscle-based foods. In addition, the thesis aims 

to develop a method to understand the diffusion of enzymes, such as actinidin from 

kiwifruit, and pepsin in the gastric juice, into meat, using advanced microscopy 

techniques.   

This thesis consists of eight chapters and the outline of the thesis with research questions 

and project objectives, is presented in Figure 1-1. In brief: 

Chapter 1 describes the background and outlines the objectives and main framework of 

the research project. 

Chapter 2 is a literature review of the fundamental knowledge of muscle proteins and 

the effects of different processing methods on muscle structure and protein digestibility. 
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Some methodologies used to investigate muscle structure and protein digestibility are also 

discussed.  

Chapter 3 discusses the effect of PEF treatment alone on the physicochemical properties, 

protein thermal profile, muscle structure and in vitro protein digestibility of beef 

Longissimus thoracis.  

Chapter 4 describes the effects of PEF in combination with SV cooking on the muscle 

structure and in vitro protein digestibility of beef Deep and Superficial pectoral muscles. 

The effect of PEF on the activities of lysosomal enzymes was also investigated, before 

and after SV cooking.  

Chapter 5 characterises the effects of SW processing, alone and in combination with SV 

cooking, on the protein thermal profile, protein structural characteristics and muscle 

microstructure of beef Deep and Superficial pectoral muscles. 

Chapter 6 investigates the effects of SW processing in conjunction with SV cooking on 

the physicochemical properties, texture and in vitro digestibility of beef Deep and 

Superficial pectoral muscles. 

Chapter 7 examines the effect of exogenous enzyme actinidin present in the kiwifruit 

extract, on the structure of both raw and SV-cooked beef Deep and Superficial pectoral 

muscles. The effects of a combined actinidin-pepsin system on meat structure during 

simulated gastric digestion were also discussed. A protocol for the localisation of the 

enzymes actinidin and pepsin in meat was also developed using immunohistofluorescence 

approach.      

Chapter 8 concludes all the research findings and provides recommendations and 

directions for future work.    
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Figure 1-1. An overview of the thesis structure with research questions and project objectives. 



  
 

1Part of this chapter has been published as Boland, M., Kaur, L., Chian, F. M., & Astruc, T. (2019). Muscle 
proteins. In L. Melton, F. Shahidi, & P. Varelis (Eds.), Encyclopedia of food chemistry (pp. 164-179). 
Academic Press. https://doi.org/10.1016/B978-0-08-100596-5.21602-8   
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Chapter 2 1Literature review  

This literature review aims to provide a comprehensive summary of the existing literature 

on muscle structure and protein digestibility, and how these are influenced by processing. 

Fundamental information on muscle composition and chemistry, and the principles of 

different processing techniques are presented in this section. Various methodologies to 

examine muscle structure and digestibility are also reviewed.                   

2.1 Muscle structure and composition  

Meat is derived from skeletal muscles that have undergone a series of biochemical 

reactions following the slaughter of animals (Strasburg et al., 2008). Skeletal muscles 

consist of multinucleated muscle fibres made up of bundles of elongated myofibrils in a 

parallel configuration (Figure 2-1) (Gault, 1992; Strasburg et al., 2008). A muscle fibre 

is ensheathed by a fine connective tissue layer network embedded in a proteoglycan 

matrix (the endomysium), which contains blood capillaries and nerves for muscle 

function. Each muscle fibre is composed of dozens of myofibrils and is enclosed by the 

muscle plasma membrane, called the sarcolemma, which is made up of a phospholipid 

bilayer with embedded proteins, glycoproteins and glycolipids. The myofibrils are bathed 

in sarcoplasm containing several nuclei, sarcoplasmic reticulum, Golgi apparatus, 

mitochondria, lysosomes, glycogen granules, enzymes and other soluble constituents, that 

are vital for muscle functionality. The sarcoplasmic reticulum acts as a calcium ion 

reservoir for muscle contraction. Bundles of muscle fibres are organised into fascicles 

that are encased in another layer of connective tissue containing larger blood vessels, 

nerves, and others (e.g. adipocytes and fibroblasts), called the perimysium. Several 

fascicles are assembled into a whole muscle by an outer layer of connective tissue sheaths 

known as the epimysium, which extends into tendons to join muscles and bones together. 



 

 

7 Chapter 2 

Regardless of the animal species, myofibrils in muscle fibres consist of longitudinal 

myofilaments comprising thick and thin filaments (Strasburg et al., 2008; Tortora & 

Derrickson, 2013). Thick filaments are made up of myosin molecules while thin filaments 

are composed of actin, tropomyosin and troponin. Alternating light isotropic (I-band) and 

dark anisotropic (A-band) bands are seen on myofibrils under polarised light microscopy. 

Longitudinal sections of muscle fibres observed by transmission electron microscopy 

(TEM) show that each I-band is separated into two by a dark and narrow line called the 

Z-disk. The region between two Z-disks is known as a sarcomere, which is the repeating 

longitudinal contractile functional unit of a myofibril. A sarcomere comprises an I-band, 

consisting purely of thin filaments, an A-band containing alternatively overlapping thin 

and thick filaments, a H-zone that is in the centre region of A-band where the thin 

filaments are absent and a M-line that is in the middle of the H-zone. When a muscle 

contracts, the Z-disks shift closer together due to shortening of the I-band, and the length 

of the sarcomere is decreased (Gault, 1992).   

Skeletal muscle proteins can be classified into myofibrillar (50 to 60 %), sarcoplasmic 

(30 %) and stromal (10 % to 20 %) proteins, based on their solubility at varying salt 

concentrations (Strasburg et al., 2008). The myofibrillar proteins, which are soluble at 

high salt concentrations (> 0.3 M), consist of contractile, structural and regulatory 

proteins (Figure 2-2). The sarcoplasmic proteins can be solubilised in low ionic strength 

(< 0.3 mM) and are located in the sarcoplasm surrounding the myofibrils. The 

sarcoplasmic proteins include the oxidative enzymes (e.g. cytochromes), the haem 

pigments (e.g. myoglobin), the glycolytic enzymes (e.g. glyceraldehyde phosphate 

dehydrogenase), the mitochondrial oxidative enzymes (e.g. succinate dehydrogenase), the 

lysosomal enzymes (e.g. cathepsins), the nucleoproteins (e.g. e.g. ribosomes) and others, 

which are involved in various tissue functions (Pearson & Gillett, 2012; Pearson & Young, 
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1989; Smith, 2000; Strasburg et al., 2008). Stromal proteins are relatively insoluble in 

salt solutions and constitute connective tissue, which provides mechanical support and 

protection to the muscle in the form of tendon, epimysium, perimysium and endomysium 

(Gault, 1992; Strasburg et al., 2008). Connective tissue contains different types of cells, 

including fibroblasts, macrophages, lymphoid cells, mast cells and eosinophils and is 

mainly composed of collagen (90 %) along with other fibrous proteins including elastin, 

laminin and fibronectin, and proteoglycans (Chagnot et al., 2012; Voermans et al., 2008).   
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Figure 2-1.Structure of skeletal muscle.  
From Tortora & Derrickson, Principles of Anatomy & Physiology, 14th Edition. Copyright © 2014, 2012, 
2009, 2006, 2003, 2000. © Gerard J. Tortora, L.L.C., Bryan Derrickson, John Wiley & Sons, Inc. Reprinted 
by permission from John Wiley & Sons, Inc. 
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Figure 2-2. (A) Basic functional unit of a myofibril and (B) the arrangement of filaments within 
a sarcomere.  
Reproduced from Boland et al. (2019) with permission from Elsevier Books. 
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2.3 Sarcoplasmic proteins 

2.3.1 Cathepsins 

Cathepsins are lysosomal enzymes which are active at an acidic pH, and are released 

postmortem in the sarcoplasm (Geesink & Veiseth, 2008). Among the family of 

cathepsins, cysteine cathepsin B, H and L and aspartic cathepsin D are the most abundant 

in muscles. Cathepsin B has optimum activity at pH 5.5 to 6.5 and is unstable at pH 7. It 

breaks down MHC, troponin T, troponin I, tropomyosin (Bechet et al., 2005), intact 

myofibrils and collagen (Koohmaraie, 1988). Cathepsin H has an optimum pH range of 

5.5 to 6.5 (Huff-Lonergan, 2014). It degrades myosin but is unable to hydrolyse intact 

myofibrils (Ouali et al., 1987). In contrast, cathepsin L acts optimally at pH 5 but remains 

stable at neutral pH, retaining approximately 30 % of its maximum activity (Geesink & 

Veiseth, 2008). It hydrolyses the majority of the myofibrillar proteins (except troponin C 

and tropomyosin) (Matsukura et al., 1981) and collagen (Agarwal, 1990). Cathepsin D 

has an optimum activity at pH 3 to 5 and is inactive at neutral pH (Bohley & Seglen, 

1992). The proteolytic activity of cysteine cathepsins and cathepsin D can be inhibited by 

cystatins (Geesink & Veiseth, 2008)  and pepstatin (Bohley & Seglen, 1992), respectively.     

2.3.2 Calpains 

Calpains are calcium-activated, cysteine proteases which have maximum activity at 

neutral pH (Sentandreu et al., 2002). There are two types of calpain responsible for 

postmortem proteolysis, which are ubiquitous µ-calpain and m-calpain (Raynaud et al., 

2005; Strasburg et al., 2008). The calcium concentrations for the activation of both µ-

calpain and m-calpain are in the range of micromolar and millimolar level 

correspondingly (Camou et al., 2007). In vivo, calpains degrade myofibrillar proteins 

during protein turnover for muscle growth (Goll et al., 2008; Huang & Forsberg, 1998). 
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They are found and act mostly in the Z-disks. Calpastatin is the natural inhibitor of µ-

calpain and m-calpain. 

2.3.3 Myoglobin 

Myoglobin is a haem protein that acts as an oxygen carrier in muscle cells and is 

responsible for the colour of both raw and cooked meat (Claus, 2007; Suman & Joseph, 

2014). Four forms of myoglobin exist in the muscle, including deoxymyoglobin (purplish 

red), oxymyoglobin (cherry red), metmyoglobin (brown) and carboxymyoglobin (cherry 

red) (Figure 2-4) (Suman & Joseph, 2013). The colour of the muscle depends on the ratio 

of these forms of myoglobin (Baldwin, 2012). Cooking of meat results in denaturation of 

myoglobin, causing the oxidation of haem which induces a change in meat colour. For 

example, the denaturation of metmyoglobin produces ferrihemochrome which gives 

cooked meat a dull brownish appearance (King  & Whyte, 2006) 

 
Figure 2-4. Interconversion of myoglobin redox forms in fresh meats.  
Reproduced from Boland et al. (2019) with permission from Elsevier Books. 
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2.4 Stromal proteins 

2.4.1 Collagen  

Collagen is the predominant stromal protein existing in skeletal muscles that is 

synthesised by fibroblasts (Bailey & Light, 1989; Duance et al., 1977; Gault, 1992). There 

are four major classes of collagen based on their aggregation characteristics: striated and 

fibrous (Types I, II , III , V and XI); non-fibrous and network forming (Type IV); 

microfibrillar or filamentous (Type VI), and lastly fibril-associated collagen (Type VII ) 

(Bailey, 1991). The basic structure of collagen consists of three polypeptide alpha chains 

with -Gly-X-Y- repeating units, where X and Y are commonly proline and 

hydroxyproline respectively, that coil to create a triple helix structure, forming 

tropocollagen that is about 280 nm in length and 1.4 nm to 1.5 nm in diameter (Astruc, 

2014a; Bailey & Light, 1989; Gault, 1992; Strasburg et al., 2008). Tropocollagen 

molecules are polymerised into collagen fibres via covalent intermolecular cross-links, 

by the formation of aldehydes through oxidative deamination of lysine or hydroxylysine 

residues. These divalent, reducible cross-linkages offer substantial tensile strength to 

collagen fibres. As the collagen fibres age, these cross-linkages interact to form mature 

trivalent, non-reducible, more heat-stable cross-links, which further enhances their 

stability and mechanical strength.  

Collagen has been linked to the toughness of muscle-based foods, and its content and 

extent of cross-linking differ among different animal species, age, muscle function, 

exercise and treatment with growth promoter (Strasburg et al., 2008). Bailey and Light 

(1989), McCormick (1999) and Purslow (2005) reported an increase in meat toughness 

as the animal aged due to an increase in collagen cross-linking and a decrease in collagen 

solubility (Taylor, 2004). It was also found that the tender meat cut, bovine Longissimus 
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dorsi, contains only half to two thirds of the total collagen content and 

hydroxylysylpyridinoline cross-links of that found in the tougher cut, Biceps femoris 

(McCormick, 1999). Various studies have been done to improve the meat quality by 

partial solubilisation of collagen in tough meat cuts such as Semitendinosus (Christensen, 

Bertram, et al., 2011; Christensen, Ertbjerg, et al., 2011; Combes et al., 2004; Sullivan & 

Calkins, 2010). 

2.4.2 Elastin 

Elastin is a minor constituent of connective tissue that offers elasticity to the blood vessels 

and ligaments in the muscles, but it could contribute to meat toughness (Debelle & Alix, 

1999). Elastin is an insoluble, hydrophobic, heat-stable and cross-linked protein fibre that 

behaves in a highly elastic manner in the presence of water. Elastin fibre is characterised 

by the cross-linking of two amino acids, namely desmosine and isodesmosine, which are 

responsible for its extremely insoluble characteristic (Lawrie, 2006). Both desmosine and 

isodesmosine are formed by the condensation of the intermediate products from oxidative 

deamination of lysine side-chains (Anwar, 1990).  

2.5 Postmortem changes in muscles 

The death of animals results in postmortem biochemical, physicochemical and structural 

changes in muscles (Bendall, 1973; Greaser, 1986; Lawrie, 1992). The major biochemical 

events that happen during the conversion of muscle to meat are postmortem glycolysis 

and proteolysis. As blood circulation ceases, the supply of oxygen and nutrients is stopped 

(Honikel, 2014b; Strasburg et al., 2008). However, muscle homoeostasis is still being 

maintained by anoxic regeneration of adenosine triphosphate (ATP). Energy is released 

from the degradation of ATP into adenosine diphosphate (ADP) and inorganic phosphate. 
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This is accompanied by the production of hydrogen ions which accumulate in the cells, 

leading to a pH fall in the muscle. Adenosine triphosphate is regenerated by the following 

three main reactions: 1) conversion of creatine phosphate (CP) into creatine via the 

phosphorylation of ADP, 2) conversion of ADP into ATP and adenosine monophosphate 

(AMP) by myokinase, and 3) degradation of glycogen into lactic acid through the 

anaerobic glycolysis pathway.  

When glycogen is fully depleted, ATP re-synthesis is interrupted, glycolysis reaction 

stops and the pH usually stabilises at around 5.5, which is known as the ultimate pH (pHu). 

The pHu of meat depends on the animal species, muscle types and pre-slaughter stress 

(Honikel, 2014a). Sometimes, glycolysis stops even in the presence of residual glycogen 

(Immonen & Puolanne, 2000). This was deduced to be due to the pH inhibition of 

glycolytic enzymes and/or the unavailability of AMP, a positive cofactor of 

glycogenolytic enzymes. The pHu is near to the isoelectric point of the myofibrillar 

proteins (Huff-Lonergan & Lonergan, 2005). This causes the shrinkage of myofibrils, 

which results in the exudation of intermyofilament water into the sarcoplasm, followed 

by extracellular spaces and finally out of the muscle (Offer & Trinick, 1983; Pearce et al., 

2011). As the CP and glycogen stores in the muscles are depleted, there is a shortage of 

ATP to keep the contractile proteins actin and myosin apart, leading to the formation of 

the actomyosin bond (Hopkins, 2014). This muscle stiffening process is described as rigor 

mortis. This process lasts up to 12 h in red meat and 2 h in poultry.  

After rigor mortis, the muscle enters the ageing process (Strasburg et al., 2008).  At this 

stage, muscle proteins increase in extensibility as a result of proteolysis. This process 

degrades some structural myofibrillar proteins, predominantly along the Z-disks (Listrat 

et al., 2016; Taylor, Geesink, et al., 1995) and to a lesser extent the connective tissue 
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(Nishimura et al., 1995; Taylor, 2004), which tenderises the meat. Degradation of the Z-

disks (Suzuki et al., 1982), desmin (Wheeler & Koohmaraie, 1994), titin (Koohmaraie, 

1994), nebulin (Huff-Lonergan et al., 1995) and troponin T (Wheeler & Koohmaraie, 

1994) have been observed in the postmortem muscle.  

The postmortem decrease of energy supply causes the release of calcium ions from the 

sarcoplasmic reticulum and mitochondria, which triggers the calcium-activated µ-

calpains and m-calpains, especially at pH 6 where glycolysis is yet to be completed (Gault, 

1992). During postmortem ageing, troponin T, titin, nebulin, C-protein, desmin and 

filamin are hydrolysed by calpains whereas the principal contractile proteins, such as 

myosin and actin, are unaffected (Huff-Lonergan et al., 1996; Koohmaraie, 1988). It has 

been concluded that postmortem muscle tenderisation is due mainly to the action of µ-

calpain and to a lesser extent the action of m-calpain (Goll et al., 2003; Koohmaraie & 

Geesink, 2006). 

In addition, the cell membrane of the lysosomes is weakened as the pH falls below 6, 

which releases cathepsins that attack predominantly the contractile proteins and less 

significantly the connective tissue. It has been reported that elevated temperature and 

electrical stimulation accelerate the pH decline in the muscles, which promotes the release 

of cathepsins from the lysosomes and eventually facilitates muscle tenderisation (Dutson 

et al., 1980; Geesink & Veiseth, 2008; Moeller et al., 1977). However, as Cathepsin D is 

active at a pH range from 3 to 5, it has a relatively less important role in muscle 

tenderisation than other cathepsins at a postmortem pH of 5.5 (Mikami et al., 1987).  

Apart from the calpains and the cathepsin system, caspases, which are cysteine aspartic-

specific proteases, have recently received attention in regard to postmortem proteolysis 

and tenderisation (Cramer et al., 2018; Huang et al., 2018; Kemp et al., 2010; Ouali et al., 
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proteasomes might have better proteolytic potential than µ-calpain during ageing. Other 

proteolytic systems such as metalloproteases, thrombin or plasmin may also be involved 

in the postmortem degradation of muscle tissue.  

Ageing improves meat tenderness and may last for a couple of days for poultry, pork and 

lamb and about two weeks for beef. Meat tenderness has been reported to be a function 

of the intramuscular connective tissue content and cross-linking, as well as the formation 

of actomyosin complex in the muscles (Baldwin, 2012). High collagen content and low 

heat-induced collagen solubility contribute to connective tissue toughness while the 

overlapping of myosin and actin filaments during rigor mortis causes actomyosin 

toughness. It has been reported that the myofibrils in pork Longissimus dorsi aged for 

eight days were more fragmented and had smaller particle size distribution than the 

unaged meat (Lametsch et al., 2007).  

2.6 Nutritional characteristics of muscle-based foods 

Muscle-based food is an excellent source of nutrients. It provides micronutrients such as 

iron, selenium and vitamin B12, which are either absent or possess poor bioavailability 

in plant-based foods (Biesalski, 2005). The compositions of lean tissue in muscle-based 

foods are tabulated in Table 2-2 (Foegeding et al., 1996; Strasburg et al., 2008). About 

17 to 23 % of lean muscle is made up of protein which contains all the essential amino 

acids required on a daily basis for muscle growth and health maintenance. The most 

abundant amino acid in meat is glutamine (16.5 %), followed by arginine, alanine and 

aspartic acid (Williams, 2007). Consuming meat with plant-based foods, such as cereals 

and legumes, compensates for the lower levels of lysine (cereals) as well as methionine 

and cysteine (legumes) in the diet (Bodwell & Anderson, 1986). The lipid content and 

composition vary considerably among different animal species and muscle types, as well 
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in the mouth to break down carbohydrates, such as starches and disaccharides, into 

smaller molecules, and continues to act on its substrates in the stomach until its 

inactivation by gastric acid.  

The entrance of a bolus to the stomach triggers the secretion of gastric juice by the gastric 

glands (Tortora & Derrickson, 2013). The bolus mixes with gastric juice and its particle 

size is reduced slightly due to the effect of peristaltic movement, forming chyme. Gastric 

juice contains hydrochloric acid, pepsinogen, gastric lipase, gastrin, some intrinsic factors, 

electrolytes and other organic substances. Hydrochloric acid in the gastric juice partially 

denatures food proteins and activates the proteolytic enzyme pepsin, that is secreted by 

the gastric chief cells. Pepsin is an endopeptidase, which initiates protein digestion by 

cleaving peptide bonds located at the interior of the protein chain, producing polypeptide 

fragments with high molecular weight. Pepsin has an optimum activity at pH 2 and is 

inactivated at pH 8 and above (Piper & Fenton, 1965). During the fasting state, the pH in 

the stomach is around 2 or below. The ingestion of food leads to a rise in the pH to 5 or 

more, depending on the buffering capacity of the food. Due to constant secretion of 

hydrochloric acid, the pH in the stomach decreases slowly to fasting pH, which favours 

the proteolytic action of pepsins (Minekus et al., 2014). Pepsins cleave peptide bonds 

adjacent to phenylalanine, tryptophan and tyrosine residues (Blanco & Blanco, 2017). 

Peptic digestion of protein results in the formation of polypeptides and oligopeptides, 

with negligible release of free amino acids (Erickson & Kim, 1990). Gastric lipase, which 

has an optimum activity at pH 5 to 6, has little activity in the acidic environment of the 

adult stomach. Hence, the majority of the digestion of triglycerides occurs in the small 

intestine by pancreatic lipase with the aid of bile. The gastric emptying process starts 

when the particle size of chyme is less than 1 to 2 mm, allowing it to pass through the 
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pyloric sphincter into the first section of the small intestine, the duodenum (Singh et al., 

2015). 

Pancreatic and intestinal juices, and bile secreted into the small intestine further break 

down the partially-digested carbohydrates, proteins and lipids present in the chyme from 

the stomach (Smith & Morton, 2010). Protein and peptide fragments in the small intestine 

are hydrolysed by trypsin, chymotrypsin, carboxypeptidase and elastase in the pancreatic 

juice, and other peptidases, such as aminopeptidases, oligopeptidase, di- and tripeptidases, 

present in the microvilli brush border membranes or the cytosol of the absorptive cells. 

Pancreatic juice contains bicarbonate that neutralises the pH of the chyme, creating a 

favourable environment for these enzymes. The endopeptidases, which include trypsin, 

chymotrypsin and elastase, cleave the peptide bonds  forming smaller peptides from large 

polypeptides (Erickson & Kim, 1990). Trypsin cleaves peptide bonds on the carboxyl 

terminal of basic amino acids (lysine and arginine). Chymotrypsin hydrolyses peptide 

bonds on the carboxyl aromatic amino acids (tyrosine, tryptophan and phenylalanine). 

Elastase breaks down elastin and break the peptide bonds in polypeptides with aliphatic 

amino acid residues (alanine, leucine, glycine, valine and isoleucine) on the carboxyl 

terminal. The exopeptidases include carboxypeptidases A and B, and peptidases present 

in microvilli. Carboxypeptidases cleave single amino acids from the carboxyl terminal 

while aminopeptidases cleave single amino acids from the amino terminal ends of 

peptides (Smith & Morton, 2010). The hydrolysis products produced by the 

endopeptidases are ideal substrates for the carboxypeptidases (Gray & Cooper, 1971). 

Carboxypeptidase A has high specificity for the peptide bonds with neutral amino acid at 

the carboxyl terminal, such as the aromatic and aliphatic amino acids at the carboxyl 

terminal of peptides produced by the actions of chymotrypsin and elastase. 

Carboxypeptidase B favours the peptide bonds with basic amino acid at the carboxyl 
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terminal, such as the peptides produced by the action of trypsin. The hydrolysed 

fragments produced by the pancreatic enzymes, mainly oligopeptides with two to eight 

amino acid residues (~70 %) and some free amino acids (~30 %). The oligopeptides are 

further broken down into single amino acid, dipeptides and tripeptides by peptidases in 

the brush border membrane. The dipeptides and tripeptides enter the absorptive cells of 

the microvilli via hydrogen-dependent secondary active transport, which are further 

degraded into amino acids by cytosolic tri- and dipeptidases. The amino acids enter the 

absorptive cells of the microvilli through active transport or sodium-dependent secondary 

active transport and then being transported into the blood stream through passive 

diffusion (e.g. hydrophobic amino acids such as tryptophan), facilitated diffusion or 

active transport (e.g. all free amino acids). The rate of protein digestion and the absorption 

of dietary amino acids are believed to have an impact on postprandial protein deposition 

(Boirie et al., 1997; Dangin et al., 2001). Various studies have suggested that proteins that 

are digested at a faster rate have an enhanced postprandial protein gain especially in the 

elderly (Boirie et al., 1997; Dangin et al., 2003).  

Unlike fat, which is almost digested completely in ileum, protein tends to enter the colon 

without complete digestion (Jørgensen et al., 2000). Undigested chyme enters the large 

intestine where it is fermented by the microflora present in the lumen. The amount of 

undigested proteinaceous substances reaching the human large intestine has been reported 

to range from 3 to 18 g per day (Cummings & Macfarlane, 1991; Cummings & 

Macfarlane, 1997; Muir & Yeow, 2000). There are approximately 3 g of non-dietary 

endogenous proteins such as glycoproteins and mucinous proteins that enter the large 

intestine daily (Chacko & Cummings, 1988). In addition to daily dietary protein intake, 

the amount of undigested dietary protein reaching the large intestine is affected by the 

protein digestibility of the ingested foods. The protein digestibility is largely dependent 
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on the source and processing history of foods (Yao et al., 2016). High protein digestibility 

reduces the amount of undigested proteinaceous substance entering the colon. Several 

studies have found that the true ileal digestibility of dietary protein in humans to range 

from 84 to 96 % (Mariotti, 2017; Tomé, 2013; Yao et al., 2016). The true ileal digestibility 

of animal proteins such as eggs, meat, and milk were 91 to 96 %, 90 to 94 % and 95 to 

96 %, respectively. Plant proteins were found to have a slightly wider and lower true ileal 

digestibility range, which was between 84 and 92 %. Rapeseed protein (84 %) had a lower 

ileal digestibility while soy protein isolate (91.5 %), pea protein isolate (89.5 to 91.5 %), 

legumes (e.g. soy beans and kidney beans; 89 to 92 %) and oats (90 %) had higher ileal 

digestibility. Nevertheless, the protein digestibility from both animal and plant sources 

could be improved or reduced by processing, depending on the processing methods, 

conditions and severity (Kaur et al., 2016; Li et al., 2017; Sa et al., 2019; van Lieshout et 

al., 2020). 

These undigested proteins are metabolised by colonic microflora either via proteolysis or 

a fermentation process. Fermentation of protein generates nitrogenous metabolites such 

as ammonia, amines, N-nitroso, phenolic, cresolic and indolic compounds (Macfarlane, 

Cummings, et al., 1986). These products may cause long term detrimental effects on 

colonic heath, such as colorectal cancer and inflammatory bowel disease, depending on 

the balance between the rate of toxic metabolite generation, detoxification and excretion 

from the large intestine (Yao et al., 2016). For example, ammonia has been reported to 

adversely affect the epithelial barrier and colonocyte lifespan (Hughes et al., 2008; Lin & 

Visek, 1991). Three to ten hours after reaching the large intestine, chyme is solidified 

forming faeces (Tortora & Derrickson, 2013). Faeces are stored in the rectum before 

excretion via the anus.  
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Other than the enzymatic action of digestive proteases, Astruc (2014b) reported the 

physiochemical environment in the gastrointestinal tract also plays an important role in 

the food digestion process. Subjecting raw bovine Semitendinosus muscle to simulated 

gastric digestion at pH 1.8, both with and without the addition of pepsin, resulted in the 

swelling of muscle cells and collagen fibres, which is consistent with the findings by Kaur 

et al. (2016), Rao et al. (1989) and Bailey and Light (1989). He suggested that the acidic 

pH partially denatures muscle proteins, which aids the access of digestive enzymes to the 

substrates. As excessive protein aggregation caused by thermal unfolding of proteins may 

reduce protein degradation by digestive enzymes (Gatellier & Sante-Lhoutellier, 2009; 

Santé-Lhoutellier et al., 2008), the acid-induced denaturation and swelling of muscle cells 

may limit the penetration of digestive juices into the core of the food (Astruc, 2014b). 

Moreover, he reported that pepsin digestion of meat in the stomach mainly disrupts the 

Z-disks while subsequent trypsin and chymotrypsin digestion in the small intestine 

degrades the sarcomere. The structure weakened during postmortem ageing is also more 

susceptible to hydrolysis by digestive enzymes.  

2.8 Processing techniques and their effects on muscle protein 

structure and consequence on digestibility 

Meat processing impacts the physical and chemical properties of the product by the action 

of mechanical forces, heat or the addition of salts and additives (Lewis, 1992). For 

instance, meat tenderisation through electrical stimulation, ultrasonic waves, blade 

tenderization and pressure treatment have been reported to modify the muscle structure 

and protein profile (Hopkins, 2014). These processes may decrease the overlapping of 

actin and myosin, cause physical damage to the sarcomere and connective tissue, or 

improve proteolysis rates through the activation of calpains by release of calcium ions 
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and/or lysosomal proteases such as cathepsins, after membrane disruption. These 

structural changes are likely to influence the accessibility of digestive enzymes to their 

substrates, and thus affect the product digestibility in the gastro-intestinal tract (Astruc, 

2014b). For instance, high pressure processing has been reported to alter muscle structure 

and enhance in vitro protein digestibility of beef (Kaur et al., 2016). Many innovative 

meat processing technologies have been explored in recent decades. It is valuable for the 

meat industry to have a better understanding of how these technologies affect muscle 

structure and protein digestibility of meat as there is increasing demand for products that 

contain high-value animal protein (Hung et al., 2016; Kraus, 2015). The technologies 

focused on in this section are pulsed electric field (PEF) processing, hydrodynamic 

shockwave (SW) processing, sous vide (SV) cooking, and exogenous enzyme processing. 

2.8.1 Pulsed Electric field (PEF) 

Pulsed electric field is a non-thermal process used in food and bioengineering applications 

since the 1960s (Toepfl et al., 2007a). This technology involves applying an electric field, 

in the form of short wave pulses, to food placed between two electrodes (O'Dowd et al., 

2013). Pulsed electric field leads to electroporation of cell membrane when the induced 

transmembrane potential goes beyond a critical value of 1 Volt, causing permanent or 

temporary pore formation and cell disintegration (McDonnell et al., 2014; Toepfl et al., 

2007a). In the past, this treatment has been applied mainly for the purpose of food 

preservation in milk, eggs, juices and other liquid foods (Castro et al., 1993; Toepfl et al., 

2007b). High intensity PEF, normally 20 to 80 kV/cm, effectively inactivates microbes 

with minimal detrimental effect on the food properties (Leadley & Williams, 2006). 

Recently, there has been an increasing interest in non-preservative applications of PEF, 

which modifies food properties leading to an enhancement of overall product quality. 
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Low intensity PEF applications, such as juice pressing and extraction, meat tenderisation 

and curing, fruit and vegetable dehydration and others have been studied (Gachovska et 

al., 2006; Mhemdi et al., 2012; O'Dowd et al., 2013; Puértolas et al., 2012).  

Low intensity PEF treatment has been reported to induce changes in the structure of 

myofibrillar-based foods, which could potentially improve their texture and functional 

properties (Arroyo, Eslami, et al., 2015). The effect of PEF on meat depends on both the 

processing parameters and the properties of meat samples (dielectric properties, meat 

types, pre- and post-slaughtering process) (Alahakoon et al., 2016; Toepfl et al., 2007a). 

Pulsed electric field treatment performed at an appropriate electric field strength, pulse 

frequency and or specific energy are required in creating large permanent pores in meat 

tissues, causing structural modification and eventually affecting functional properties of 

meat. Excessive electric field strength (1.7 to 2 kV/cm) led to cooking effect on the edges 

of raw meat (Faridnia et al., 2015). Application of electric pulses perpendicular to the 

muscle fibre direction maximises the electroporation effect while achieving optimum 

electric field strength (Alahakoon et al., 2016).  

2.8.1.1 Effect of PEF processing on muscle protein profile, structure and digestibility  

Low intensity PEF has been reported to cause structural changes in the muscles (Table 2 

-3) but their protein profile was largely unaffected (Faridnia et al., 2014; Gudmundsson 

& Hafsteinsson, 2001). Hence, it was suggested that the impact of low intensity PEF 

treatment on muscle structure was mainly the result of electroporation of cell membrane 

but not protein denaturation. However, increased proteolysis of troponin T and desmin 

were observed in PEF-treated meat during ageing (Suwandy et al., 2015a; Suwandy et al., 

2015b).  
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Troponin T is the substrate of cathepsin L and calpains while desmin is the substrate of 

calpains (Huff-Lonergan, 2014). Hence, the enhanced proteolysis is speculated to be due 

to the release of calcium ions by electroporation, leading to early activation of calpains, 

and/or the action of lysosomal enzymes released due to the permeabilisation of muscle 

cells by PEF (Alahakoon et al., 2016; Bhat et al., 2018b). Recent studies have discovered 

improved calpain activity in PEF-treated beef Semimembranosus (0.36 kV/cm, 90 Hz and 

0.60 kV/cm, 20 Hz) (Bhat, Morton, et al., 2019a) and cold-boned venison Longissimus 

dorsi (2.5 kV, 50 Hz and 10 kV, 90 Hz) (Bhat, Morton, Mason, Mungure, et al., 2019), 

along with increased degradation of troponin T during ageing. However, there is no 

information available on the effect of PEF on lysosomal proteases such as cathepsins in 

meat. 

Scanning electron micrograph of the PEF-treated beef Longissimus thoracis muscles 

showed that the treated muscles were porous, which led to a higher moisture loss from 

the treated cuts than the control untreated meat during storage (Faridnia et al., 2014). The 

size of the muscle cells of the PEF-treated beef, chicken and salmon was smaller than 

their untreated counterparts, which may due to greater water losses after the treatment 

(Gudmundsson & Hafsteinsson, 2001; O'Dowd et al., 2013). Furthermore, gap formation 

(Gudmundsson & Hafsteinsson, 2001),  fragmentation of myofibrils (O'Dowd et al., 2013) 

and elongated muscle bundles (Khan et al., 2017) were observed in PEF-treated meat 

samples. The extent of myofibrillar degradation along the Z-disks of PEF-treated beef 

Biceps femoris was observed to be to a greater than in untreated muscles during the ageing 

process, indicating accelerated postmortem proteolysis (Faridnia et al., 2016).  

To date, limited low intensity PEF treatment studies have been conducted to investigate 

the effect of PEF on individual meat components for meat tenderisation. Alahakoon et al. 
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Table 2-3. Summary of the effects of low intensity PEF on muscle structure. 

Types of meat 
Processing 
parameters 

Structural changes References 

Chicken 1.36 kV/cm, 40 pulses 
Reduction in muscle cell size 
without visible gapping between 
muscle fibres Gudmundsson 

and 
Hafsteinsson 

(2001) 
Salmon 1.36 kV/cm, 40 pulses 

Leakage of collagen into 
extracellular spaces with visible 
gapping between muscle fibres 

Lumpfish roes 12 kV/cm, 12 pulses 
Roes remain intact and 
unaffected 

Bovine 
Longissimus 

thoracis 

0.2 to 0.6 kV/cm, 1 to 
50 Hz, 20 µs 

Increase in porosity of muscle 
tissue 

Faridnia et al. 
(2014) 

Frozen-thawed 
Bovine 

Semitendinosus 

1.4 kV/cm, 50 Hz, 20 
µs, 250 kJ/kg 

Jagged edges in sarcomere; 
Separation of myofibrils from 
the Z-disks; Rupture of the Z-
disk and I-band junction 

Faridnia et al. 
(2015) 

Bovine 
Semitendinosus 

1.1 to 2.8 kV/cm, 5 to 
200 Hz, 152 to 300 
pulses, 12.7 to 226 
kJ/kg 

More fragmented myofibrils; 
Reduction in muscle fibre 
diameter and volume 

O'Dowd et al. 
(2013) 

Bovine Biceps 
femoris 

1.7 to 2.0 kV/cm, 50 
Hz, 185 kJ/kg 

More ruptured myofibrils along 
the Z-disks and more porous 
structure 

Faridnia et al. 
(2016) 

Beef 
Longissimus 
lumborum 

2.5 kV, 200 Hz, 20 µs 
Formation of gaps between 
elongated muscle bundles 

Khan et al. 
(2017) 

Connective 
tissue isolate 
(bovine  Deep 

pectoralis) 

1.0 and 1.5 kV/cm, 50 
and 100 kJ/kg, 50 Hz, 
20 µs 

Porous structure of the isolated 
connective tissue observed 
under scanning electron 
microscope 

Alahakoon et 
al. (2017) 

 

2.8.1.2 Effect of PEF processing on meat quality 

The colour of meat has been reported to remain unaffected by the low-intensity PEF 

treatment (Arroyo, Lascorz, et al., 2015; Faridnia et al., 2014; Suwandy et al., 2015c). 

However, higher intensity and or repeated PEF treatment resulted in elevated temperature 

of the samples leading to increased myoglobin oxidation and eventually may have 

negatively affected the colour of meat (Alahakoon et al., 2016; O'Dowd et al., 2013). 

Khan et al. (2017) reported a significantly higher lightness (L* value) and lower redness 
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(a* value) in high-intensity PEF-treated bovine Longissimus lumborum (10 kV, 200 Hz, 

20 µs). Pulsed electric field treatment has been reported to increase the purge loss of meat, 

which could be due to the structural changes induced by the processing (Arroyo, Lascorz, 

et al., 2015; Faridnia et al., 2016).  The reported effect of PEF on the cook loss in the 

current literature is not unanimous, due to different cooking methods and rates as well as 

the end-point temperature of the meat (Alahakoon et al., 2016). Low intensity PEF 

treatment has been reported to have no adverse impact on the lipid oxidation of meat 

(Arroyo, Eslami, et al., 2015; McDonnell et al., 2014). However, Khan et al. (2017) 

observed a higher lipid oxidation in beef Longissimus lumborum treated with high PEF 

intensity (10 kV, 200 Hz, 20 µs) when compared to the samples treated with lower PEF 

intensity (2.5 kV, , 200 Hz, 20 µs). Increased lipid oxidation has also been found in 

frozen-thawed PEF-treated muscles (Alahakoon et al., 2016). Faridnia et al. (2015) 

suggested that PEF processing renders frozen-thawed muscles to lipid oxidation during 

storage due to the exposure of fatty acids to pro-oxidant released from muscle cells after 

the freezing-thawing process. Research on the effect of low intensity PEF treatment on 

the protein oxidation of meat is scarce.   

The effects of PEF on muscle texture reported in the literature is also contradictory and 

vary due to the variation in experimental setup, such as processing parameters, sample 

preparation prior to PEF treatment, handling of animals pre- and post-slaughtering and 

muscle types (Alahakoon et al., 2016). Bekhit, van de Ven, et al. (2014) observed 

improved tenderness in PEF-treated cold boned beef Longissimus lumborum (0.31 to 0.56 

kV/cm, 20, 50 and 90 Hz) (19.5 % shear force reduction) and Semimembranosus (0.27 to 

0.56 kV/cm, 20, 50 and 90 Hz) (4.1 to 19.1 % shear force reduction) muscles. Shear force 

is the amount of force required to slice through a piece of meat (Williams, 2008). 

Suwandy et al. (2015a) reported improved tenderness (up to 21.6 % shear force reduction) 
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the surrounding water to the meat sample, reflects from the walls of the container and 

intersect, producing an extremely high pressure that is able to cause physical disruption 

of meat. Shockwave processing has been reported to be effective in tenderising meat by 

altering sarcomere structure (Zuckerman & Solomon, 1998). The structural disruption 

may facilitate the penetration and proteolytic action of endogenous enzymes during 

maturation.  

2.8.2.1 Effect of SW processing on muscle protein profile, structure and digestibility  

The effect of SW processing on protein profile is debatable. Bolumar et al. (2014) and 

Schilling et al. (2002) have reported that there was no distinct difference in the 

myofibrillar and sarcoplasmic proteins between the control and explosive or electrical 

SW-treated meat. Marriott et al. (2001) observed no changes in collagen solubility of the 

explosive SW-treated bovine Longissimus lumborum. However, in other studies, it was 

revealed that explosive SW-treated muscle has higher solubility of myofibrillar proteins 

(beef strip loins) (Bowker, Fahrenholz, Paroczay, & Solomon, 2008), increased collagen 

solubility (beef top rounds) (Eastridge et al., 2005), exhibited changes in the profile of 

sarcoplasmic proteins and decreased solubility of sarcoplasmic proteins (beef strip loins) 

(Bowker, Fahrenholz, Paroczay, & Solomon, 2008). Spanier and Fahrenholz (2005) 

observed the actin and myosin in the explosive SW-treated meat changed significantly, 

which was deduced to be due to the breakdown of C-protein resulting in loss of structural 

integrity. A decrease in troponin T band intensity and more intense troponin T 

degradation product band (30 kDa) was observed in explosive SW-treated beef strip loins 

during ageing, indicating their enhanced proteolysis (Bowker, Fahrenholz, Paroczay, 

Eastridge, et al., 2008). 
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The effect of SW processing on the structure of muscle-based foods is summarised in 

Table 2-4. Shockwave treatment led to increased endomysium spaces between muscle 

fibres (Bolumar et al., 2014), myofibrillar fragmentation alongside the Z-disks (Bolumar 

et al., 2014; Zuckerman & Solomon, 1998) and the destruction of collagen fibrils of the 

endomysium (Zuckerman et al., 2013). Hopkins (2014) stated that the physical disruption 

of muscles may have led to the release of endogenous proteases or their activators, thus 

enhancing the tenderization effect. However, Bolumar et al. (2014) did not observe any 

changes in the cathepsin and peptidase activities of electrical SW-treated beef loins. The 

authors suggested that the tenderisation effect of SW treatment is due to the enhanced 

enzymatic contact and the disruption of muscle structure. Bowker, Fahrenholz, Paroczay, 

Eastridge, et al. (2008) also proposed that SW processing altered myofibrillar structure 

which facilitated the action of endogenous proteases during the ageing process. No 

studies were found in the literature which determine the effect of SW processing on 

muscle protein digestibility. 

Table 2-4. Summary of the effects of shockwave processing on muscle structure. 
Types of meat Processing parameters Structural changes References 

Bovine 
Semitendinosus 

150 g explosive (plastic 
container), 35.6 cm between 
explosive and meat;  450 g 
explosive (stainless steel 
container), 61.0 cm between 
explosive and meat; ~100 MPa 
on the meat surface  

Disruption of collagen fibril 
network of the endomysium 

Zuckerman 
et al. (2013) 

Bovine 
Longissimus 

dorsi 

100 g of explosive (~60 to 70 
MPa), 30.5 cm between 
explosive and meat 

Myofibrillar fragmentation 
along Z-disks; Increment in 
intramyofibrillar spaces 

Zuckerman 
and 

Solomon 
(1998) 

Bovine 
Longissimus 
lumborum 

1.8 kV/cm, 11664 J/pulse, 
single pulse, 20 cm between 
meat and electrical spark 
source 

Disruption of muscle fibres 
structure; Increment in  
endomysium spaces; 
Alteration of collagen fibril 
network in endomysium 

Bolumar et 
al. (2014) 
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Several studies have been conducted to examine the effect of heating on muscle protein 

digestibility. In most of the literature, protein digestibility was found to be affected by 

heating temperature and time, where protein digestibility decreased as heating 

temperature and time increased (Table 2-6) (Astruc, 2014b; Kaur et al., 2014; Oberli et 

al., 2015). These were explained by different extent of protein structure modification at 

different cooking temperatures. At lower heating temperature, meat protein is denatured 

and substrate cleavage sites are exposed, which favours the enzymatic action of digestive 

proteases. As the temperature further increases, the degree of protein denaturation 

increases and the exposure of hydrophobic residues leads to the formation of aggregates 

that hinder the contact of digestive enzyme to the cleavage sites. Hence, optimum cooking 

temperature and time should be explored in order to prepare meat products that are 

delicious, safe and yet nutritious. In contrast, Bax, Buffiere, et al. (2013) discovered that 

cooking temperature did not affect the overall protein digestibility but protein digestibility 

rate in vivo. Prodhan et al. (2020) reported that different cooking temperature and time 

did not affect the postprandial plasma amino acid concentrations in healthy adults. 
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cooking temperature results in more protein denaturation and aggregation, leading to an 

increase in light scattering (Christensen, Ertbjerg, et al., 2011).  

Cooking results in heat denaturation of muscle protein which causes shrinkage of muscle 

fibres and the formation of gaps between myofibrils, leading to water redistribution and 

eventually water expulsion from the muscle (Palka & Daun, 1999; Straadt et al., 2007). 

As the water-binding proteins myosin and actin are denatured during cooking, muscle 

fibres lose their water holding capacity which causes water expulsion (Offer & Knight, 

1988). A recent study conducted by Liu, Arner, et al. (2016) postulates that the gel 

formation of the sarcoplasmic proteins during the cooking process creates a network 

around myofibrils which binds water, preventing water release from the muscle. Many 

studies have shown the effect of different cooking temperature and time combinations on 

the cook loss of meat (Del Pulgar et al., 2012; García-Segovia et al., 2007; Palka & Daun, 

1999). Cook loss has been reported to be more dependent on the cooking temperature and 

it does not necessarily increase during prolonged cooking (Warner et al., 2017).   

Cooking induces the formation of reactive oxygen species, accelerating the protein 

oxidation in meats (Soladoye et al., 2015) The common signs of protein oxidation, such 

as the increased surface hydrophobicity and tryptophan degradation, protein aggregation, 

loss of thiol groups, increased carbonylation, and Schiff base generation, have been 

observed in heat-treated muscles (Gatellier et al., 2010; Mitra et al., 2018; Santé-

Lhoutellier et al., 2008). The extent of protein oxidation is affected by both the cooking 

temperature and time. Higher cooking temperature and longer cooking time have been 

reported to increase the protein oxidation in porcine muscles (Mitra et al., 2018). Lipid 

oxidation plays a major role not only in the formation of the desirable flavour compounds 

during cooking of meat but is also responsible for the deterioration in meat product quality 
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Figure 2-5. Schematic diagram showing the effect of different cooking temperatures on muscle 
proteins thermal stability and meat toughness. 
 
 

2.8.4 Exogenous enzyme processing 

Exogenous proteases have been applied in meat tenderisation for centuries (Sullivan & 

Calkins, 2010). The proteases papain (from papaya), ficin (from fig), bromelain (from 

pineapple), Aspergillus oryzae and Bacillus subtilis are approved as Generally 

Recognized as Safe (GRAS) food additives by the United States Food and Drug 

Administration (FDA). These enzymes have shown their abilities in improving 

actomyosin toughness and background toughness by hydrolysing myofibrillar proteins 

and connective tissue, respectively (Ashie et al., 2002; Ha et al., 2012; Ha et al., 2013; 

Miyada & Tappel, 1956). However, these enzymes have wide substrate specificity and 

they tend to break down most of the major bonds (peptide, amide, ester and thiol ester 

bonds) present in meat proteins (Bekhit, Hopkins, et al., 2014; Huff-Lonergan, 2014). 

Their excessive proteolytic action has the tendency of causing over-tenderisation leading 
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process, executed either in vivo or in vitro (Astruc, 2014b; Dyer & Grosvenor, 2014). In 

vivo models are the gold standard and are considered more precise and accurate systems 

involving either animal or human clinical studies. However, the process is time 

consuming, expensive, complex and must be conducted ethically. Hence it is often 

performed at the final stage of the studies to validate the observations or hypotheses from 

in vitro models. In contrast, in vitro models are more commonly being adopted as they 

are relatively inexpensive, rapid and simple. The current models vary in the composition 

of the simulated digestive fluids, the physiological conditions and the residence time 

during digestion. Simulated digestion can be performed either in a simple static model or 

a more complex dynamic model, focusing either on one or multiple compartments of the 

digestive tracts. 

In vitro digestion has been utilised to determine the digestibility of macronutrients such 

as carbohydrates, proteins and fats as well as the accessibility of materials in a delivery 

system (Hur et al., 2011; Minekus et al., 2014). There are different models described in 

the literature which differ across different research groups. The source and activity of 

digestive enzymes, the formulation of simulated digestive juices, the ratio of food to 

digestive enzymes, the physiological conditions, and the time of digestion often vary in 

various studies. These variations lead to difficulty in comparison of the results among 

different studies. 

A static in vitro digestion is a system where the ratio of tested food to simulated digestive 

juices and enzymes, as well the physiological environment such as pH and ionic strength 

remain constant throughout the study (Minekus et al., 2014). In order to provide a 

guideline on setting up a static in vitro digestion model, an internationally agreed protocol 

was proposed by INFOGEST, an international network joined by scientists working on 







  

 

56 Chapter 2 

hydrolysis. It has also been advised to conduct the simulated digestion in individual tubes 

or reactors for different designated time points. 

 
Figure 2-6. Simulated gastro-small intestinal digestion conditions consolidated by Minekus et al. 
(2014) and Mackie and Rigby (2015).  
 
 
Although the INFOGEST consensus paper proposes a protocol that is close to human 

physiological conditions, amendments are still necessary to appropriately fit the current 

research objectives and questions. For instance, the suggested digestive enzyme 

concentration might be too high to study the dynamics of food hydrolysis over time. 

Johnston and Coon (1979) reported a decrease in pepsin concentration increases the test 

sensitivity during protein digestion. Distinct differences in protein digestibility were 

detected in animal proteins digested in a lower pepsin concentration (0.002 %) but not in 

a high pepsin concentration (0.2 %). Different digestive enzyme concentrations for 
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microscopy, and others are adopted. These techniques enable the detection and 

characterisation of individual components in food (Sifre et al., 2013). 

Optical microscopy such as a bright field microscopy and fluorescence microscopy is the 

oldest and the most versatile technique used in food microstructure analysis (Kaláb et al., 

1995; Quiles et al., 2008). When observing a sample under a bright field microscope, a 

light source is transmitted through the condenser, the sample specimen, and the objective, 

forming a magnified image which is then further magnified by the eyepiece. In general, 

dyes and stains are used to enhance the image contrast especially in muscle cells (Gunning, 

2013). As muscle cells are composed of water enclosed within a phospholipid bilayer, 

relatively similar refractive index of muscle cell and water renders them difficult to 

observe clearly under light microscope.  

Electron microscopes such as transmission electron microscopes (TEM) and scanning 

electron microscopes (SEM) have been used to examine meat ultrastructure (Astruc et al., 

2010; Bolumar et al., 2014; Kaur et al., 2016; Macfarlane, McKenzie, et al., 1986) due to 

their higher magnification properties (Pospiech et al., 2011).  In fact, the operating 

principle of electron microscope is similar to a transmitted light microscope. An electron 

microscope creates images by generating a beam of electrons using an electron gun 

without the use of light (Groves & Parker, 2013).  

In TEM, the electron beam generated is focused by electrostatic and electromagnetic 

lenses and are directed through the column of microscope to a very thinly cut specimen 

and are finally transmitted through the specimen to produce an image on a phosphorescent 

screen (Groves & Parker, 2013; Quiles et al., 2008). Generally, the sample preparation of 

TEM involves primary chemical fixation, washing, dehydration, resin embedding and 

ultra-thin sectioning (70 to 100 nm) using an ultra-microtome, which is very tedious and 
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Recently, the combination of microscopy techniques with spectroscopy, such as Fourier-

transform infrared (FT-IR) has been reported to study the chemical composition of 

microscopic domains in food (Wellner, 2013). This imaging technique creates a 

hyperspectral data cube which is made up of spectra obtained at multiple points in a grid 

pattern overlaid on the sample section. It has been used to study beef and pork muscle 

tissue treated using different processing methods such as cooking, salting and ageing 

(Böcker et al., 2007; Kirschner et al., 2004). 

Fourier-transform infrared microspectroscopy is set up by connecting an infrared 

microscope to an FT-IR spectrometer (Wellner, 2013; You & Cheng, 2014). There are 

three main modes that are available to perform FT-IR microspectrometry, which are the 

transmission, reflection, and attenuated total reflection (ATR) modes. When performing 

FT-IR microspectroscopy, IR light is passed through apertures into a Michelson 

interferometer which modulates and directs IR light to the microscope optics that is 

focused onto the sample. The transmitted or reflected IR light is then collected into the 

IR detector and the measured intensity is converted into a single beam spectrum with a 

fast Fourier transform. The resultant spectrum is the ratio between two single beam 

spectra of sample and blank (without sample). Polar groups, such as hydroxyl group and 

carbonyl group, have strong IR absorption. As such, dry sample sections are preferable 

when water is not of interest in the analysis. Sample drying prevents strong water 

absorption during the analysis, enabling a more accurate and precise characterisation of 

proteins, carbohydrates and lipids in the food samples. It is suggested that high moisture 

content samples are cut to 5 to 10 µm thick to aid in sample drying before the analysis. 

Dry cutting or cryosectioning are also recommended. As infrared absorbs signal from 

glass, the sections have to be mounted on slides made of CaF2 or BaF2 crystals, which are 

IR-transparent, when using transmission mode. Paraffin or polyethylene glycol for 
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sample fixing or embedding should be avoided to prevent overlapping of the band of these 

materials and the samples.  

Microscopic techniques provide both qualitative and quantitative description of the food 

structure (Pospiech et al., 2011). Images created can be analysed using a computer 

program by identifying the selected component of interest and measuring the area of the 

selected section. It is recommended to conduct structural analysis using different methods 

to validate the accuracy of the results as the structure of the samples might be altered 

during sample preparation (Kaláb et al., 1995).     

2.9.4 Characterisation of the diffusion of enzymes into meat matrix 

In order to assess the penetration of the digestive enzymes into muscle during digestion, 

Astruc (2014b) adopted immunohistofluorescence techniques to identify the presence and 

spatial distribution of pepsin in digested meat samples. In short, the digested sample was 

treated with a primary antibody, pepsin antibody, washed, followed by depositing a 

secondary antibody containing a fluorescent marker onto the samples. The antigen-

antibody (Ag/Ab) complex formed was observed under a fluorescence microscope. They 

detected that pepsin was mainly found in perimysium and endomysium and concluded 

that digestive juices first diffused through the extracellular spaces and subsequently into 

intracellular spaces of the muscle. However, there might be some inaccuracy in the 

observation as the fluorescent signal may be corrupted by the collagen autofluorescence 

and some non-specific interactions of the antibodies induced by the muscle structure 

modified by acidic digestive juices. In addition, the activity of the pepsin located in the 

digested sample is yet to be verified. The method could potentially be utilised to locate 

the exogenous enzymes used for meat tenderisation in the meat matrix, such as actinidin. 
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2.10 Gaps in the literature 

The literature survey has provided a good insight into the effect of different processing 

techniques on meat structure. However, there are gaps in the current literature which 

require further investigation. Firstly, little information is available on the effect of 

different meat processing technologies, alone or in combination, on muscle protein 

digestibility. For instance, no studies have been performed on the protein digestibility of 

SW-treated meat. Limited studies on the protein digestibility of PEF-treated meat have 

been reported which focused mostly on biochemical approaches (Alahakoon et al., 2019; 

Bhat, Morton, et al., 2019b; Bhat, Morton, Mason, Jayawardena, et al., 2019). 

Information on other aspects such as the structural changes in meat during digestion is 

not available. The relationship between process-modified muscle structure and protein 

digestibility is underexplored. In addition, limited research has been done to investigate 

the action of proteases on muscle structure (Astruc, 2014b). The action and diffusion of 

enzymes such as exogenous enzymes (e.g. actinidin) used for meat tenderisation on meat 

microstructure are not well understood. Lastly, it is speculated that the enhanced 

proteolysis of PEF-treated meat during ageing is due to the early activation of calpains, 

and/or the action of lysosomal enzymes released due to the permeabilisation of muscle 

cells by PEF (Alahakoon et al., 2016; Bhat et al., 2018a). The former has been verified in 

recent studies by Bhat, Morton, Mason, Mungure, et al. (2019) and  Bhat, Morton, et al. 

(2019a) but no information is available on the effect of PEF on lysosomal proteases such 

as cathepsins in meat. Thus, further studies are needed to investigate these gaps. 



 
 

2This chapter has been published as Chian, F. M., Kaur, L., Oey, I., Astruc, T., Hodgkinson, S., & Boland, 
M. (2019). Effect of pulsed electric fields (PEF) on the ultrastructure and in vitro protein digestibility of 
bovine Longissimus thoracis. LWT, 103, 253-259. https://doi.org/10.1016/j.lwt.2019.01.005 
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Chapter 3 2Effect of pulsed electric fields (PEF) on the ultrastructure 

and in vitro protein digestibility of bovine Longissimus thoracis 

3.1 Int roduction 

Pulsed electric field processing is a food processing technique that involves applying 

short electric pulses to food products (Toepfl et al., 2007a). This process causes 

electroporation of the cell membrane when the induced transmembrane potential exceeds 

a critical value of 1 Volt. Pulsed electric field treatment has been applied with a high 

intensity for food preservation (20 to 80 kV/cm) (Castro et al., 1993; Toepfl et al., 2007b) 

and with a lower-intensity for non-preservative applications, such as meat tenderisation 

(O'Dowd et al., 2013). Low-intensity PEF treatment causes a modification of food 

structure, which could improve the texture and functional properties of meat (Arroyo, 

Eslami, et al., 2015). For instance, PEF has been reported to improve the tenderness of 

cold-boned bovine Longissimus lumborum muscles (0.31 to 0.56 kV/cm, 20, 50 and 90 

Hz) (Suwandy et al., 2015d) and frozen-thawed beef Semitendinosus muscles (1.4 kV/cm, 

50 Hz, 20 µs) (Faridnia et al., 2015). 

As discussed in section 2.8.1.1, low-intensity PEF treatment induces changes in the 

structure of myofibrillar foods. Pulsed electric field-treated muscles have been found to 

be more porous and smaller in cell size than control untreated meat (Faridnia et al., 2014; 

Gudmundsson & Hafsteinsson, 2001). Gap formation and fragmentation of myofibrils 

were detected in PEF-treated samples (Gudmundsson & Hafsteinsson, 2001; O'Dowd et 

al., 2013). These changes in the physical properties of meat post-PEF processing may 

affect the accessibility of digestive enzymes which in turn influence the protein 

digestibility of meat (Astruc, 2014b; Carmody & Wrangham, 2009).  However, to date, 

there is little information in the literature on how PEF treatment affects the protein 
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digestibility, especially in regards to meat structure. Although PEF treatment has been 

reported to improve the in vitro protein digestibility of raw cold-boned bovine Bicep 

femoris (Bhat et al., 2018c) and deer Longissimus dorsi (Bhat, Morton, Mason, Bekhit, et 

al., 2019), no information on the structural changes in meat during simulated digestion 

has been provided. Investigation of the structural changes induced by processing and 

subsequent simulated digestion will provide some understanding on the accessibility of 

digestive enzymes to the PEF-treated meat.  

This experiment aims to investigate the effect of low-intensity PEF treatment on the 

protein digestibility of beef muscle using an in vitro digestion model. The ultrastructure 

of beef muscles was also examined after PEF processing and after subsequent simulated 

digestion process. As this chapter is focusing on PEF treatment alone (with no further 

processing such as cooking), ribeye scotch fillet was chosen as the muscle cut for 

investigation. Tender beef cuts, such as the ribeye scotch fillet, are low in connective 

tissue and are normally used in raw beef dishes such as beef carpaccio and beef tartare 

(Bronfen, 2019).  

3.2 Materials and methods  

3.2.1 Pulsed electric field treatment of bovine Longissimus thoracis muscles 

Two days postmortem Hereford heifer (< 18 months old) whole ribeye scotch fillets 

(Longissimus thoracis) were obtained from a local butcher (The Mad Butcher, Dunedin, 

New Zealand). Conductivities of the fillets were 6 ± 3 mS/cm, measured at five different 

positions using a handheld meat conductometer (LF-STAR, R. Mathäus, Nobitz, 

Germany). Pulsed electric field treatment was carried out on meat cut of about 65 g based 

on the method of Alahakoon et al. (2018a) using a pilot scale PEF system (Elcrack-HVP 

5, DIL, Quakenbruck, Germany) with a batch-mode configuration. The samples were 
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Table 3-2. pH, moisture content, colour and sarcomere length of control untreated (C500 and 
C2000) and PEF-treated samples ((PN500, 48 ± 5 kJ/kg) and (PN2000, 178 ± 11 kJ/kg)) using an 
electric field strength of 1.00 to 1.25 kV/cm. 

Parameters C500 PN500 C2000 PN2000 
pH# 5.54 ± 0.02A 5.51 ± 0.00A 5.51 ± 0.02A 5.50 ± 0.04A 

Moisture content (%) # 72.62 ± 0.00A 71.65 ± 0.00B 72.80 ± 0.00A 69.44 ± 0.01C 

Colour̂  
L*  36.5 ± 0.7A 36.3 ± 0.6A 36.4 ± 0.6A 36.7 ± 0.5A 
a*  13.0 ± 0.7A 13.0 ± 0.4A 13.5 ± 0.6A 13.6 ± 0.9A 
b*  4.8 ± 0.4A 5.1 ± 0.2A 4.9 ± 0.3A 5.2 ± 0.4A 

Sarcomere length (µm)~ 1.68 ± 0.04a 1.99 ± 0.06b 1.69 ± 0.03a 2.17 ± 0.11c 

Values with different uppercase letters within the same row differ significantly (p < 0.05). 

Values with different lowercase letters within the same row differ significantly (p < 0.001). 

# N = 3 (measurements of three individual muscle pieces obtained from one Longissimus thoracis muscle 

as shown in Figure 3-1). 

^ N = 12 (12 measurements from one muscle piece obtained from one Longissimus thoracis muscle as 

shown in Figure 3-1). 

~ N = 30 (30 measurements from one muscle piece obtained from one Longissimus thoracis muscle as 

shown in Figure 3-1). 

Colour measurements definition according to León et al. (2006): 

�ƒ L*: lightness (0 indicates black while 100 indicates absolute white). 

�ƒ a*: redness (positive value)/ greenness (negative value). 

�ƒ b*: yellowness (positive value) /blueness (negative value). 

 

The DSC results of the samples are summarised in Table 3-3. These results may be useful 

in determining the optimum cooking temperature of meat, as the thermal denaturation of 

these proteins is associated with sensory and textural properties of meat (Findlay et al., 

1986). Understanding the thermal denaturation properties of proteins enables the 

selection of the optimal cooking temperatures of meat by setting the temperature high 

enough to denature collagen in order to decrease the adhesion between muscle fibres, but 

low enough to prevent excessive denaturation of most myofibrillar proteins to reduce 

water expulsion from the muscle fibres. The first, second and third peaks of the 

thermogram represent the thermal denaturation of myosin, collagen and sarcoplasmic 

proteins, and actin respectively (Bertola et al., 1994). No significant difference in any of 

the peak temperatures between the PEF-treated samples and their untreated counterparts 
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was observed (p > 0.05). This supports the literature findings that low-intensity PEF 

treatment results in electroporation of muscle cell membrane but not protein denaturation 

in muscle-based foods. The protein profiles of the muscles were not modified by the 

electric pulses applied to the meat, as seen in the gel electrophoresis analysis conducted 

by Faridnia et al. (2014) on beef (0.2 to 0.6 kV/cm, 0.05 to 30 kJ/kg) and Gudmundsson 

and Hafsteinsson (2001) on cod muscles (18.6 kV/cm and seven pulses). There are some 

studies showing protein aggregation and unfolding of lysozyme (35 kV/cm) (Zhao & 

Yang, 2008) and soy protein isolate (> 30 kV/cm) (Liu et al., 2014) after PEF treatments 

that were carried out at a much higher treatment intensity than the current study. Hence 

there is a possibility of protein modification in meat at higher PEF treatment intensities. 

Alahakoon et al. (2017) found that PEF treatment significantly (p < 0.05) decreased the 

thermal denaturation temperature of the extracted connective tissue from beef Deep 

pectoralis muscle in a model agar system. However, the effect of PEF on connective 

tissue in a natural meat system would not be expected to be as significant, particularly in 

Longissimus thoracis, as this muscle has only almost half of the connective tissue content 

compared to Deep pectoralis (Keith et al., 1985). 
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postmortem ageing process (Bolumar et al., 2014). Hence, the meat maturation/ageing 

process might be facilitated by PEF treatment due to the disruption of muscle structure. 

The electroporation effect of PEF treatment has also been proposed to cause the release 

of cathepsins from the lysosomes and the activation of calpains by calcium released from 

the sarcoplasmic reticulum, facilitating meat proteolysis during the ageing process 

(Alahakoon et al., 2016). 
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Figure 3-2. Transmission electron micrograph showing elongated sarcomeres and disruption of 
Z-disk and I-band junctions in the PEF-treated meat sample PN2000 (bottom) (pulse number 2000, 
1.00 - 1.25 kV/cm, 178 ± 11 kJ/kg) before in vitro digestion. The sarcomere details of the control 
untreated counterpart (C2000) is presented in the top micrograph. 
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oral-gastric digestion, and hence may be the proteolytic product of a higher MW or 

insoluble protein. In addition, it was observed that the intensity of the band with MW of 

39 kDa of the digest of PEF-treated muscle was higher than the control untreated meat 

digest at the end of simulated digestion (182 min). The band corresponding to MW 39 

kDa has been reported to be a degradation fragment of desmin (Soglia et al., 2018). This 

showed that desmin was broken down more in the PEF-treated meat at the end of 

simulated digestion. Overall, the results of SDS-PAGE analysis demonstrate PEF effected 

the digestion pattern of meat proteins, that may be due to the modification of muscle 

structure which in turn influences the accessibility of digestive enzymes (Astruc, 2014b). 

 
Figure 3-3. Tricine SDS-PAGE electrophoretogram showing protein profiles of the digests of 
PN2000 (pulse number 2000, 1.00 - 1.25 kV/cm, 178 ± 11 kJ/kg) and its counterpart untreated 
C2000 during simulated oral-gastric digestion.  
C2 and C62 denote C2000 samples at 2 and 62 min of simulated oral-gastric digestion respectively while 
P2 and P62 denote PN2000 samples at 2 and 62 min of simulated oral-gastric digestion. Std represents the 
molecular weight standards labelled to the left in kDa. 
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Figure 3-4. Tricine SDS-PAGE electrophoretogram showing proteins profile of the digests of 
PN2000 (pulse number 2000, 1.00 - 1.25 kV/cm, 178 ± 11 kJ/kg) and its counterpart untreated 
C2000 during 120 min of in vitro small intestinal digestion following 62 min of oral-gastric 
digestion.  
C122 and C182 denote C2000 samples after 122 and 182 min of simulated oral-gastric-small intestinal 
digestion respectively while P122 and P182 denote PN2000 samples after 122 and 182 min of simulated 
oral-gastric-small intestinal digestion Std represents the molecular weight standards labelled to the left in 
kDa. 
 
 
3.3.3.2 Ninhydrin-reactive amino nitrogen 

The protein digestibility of meat was determined in terms of ninhydrin-reactive free 

amino nitrogen released during simulated oral-gastro-small intestinal digestion, using the 

ninhydrin assay (Table 3-4). Both PN500 and PN2000 released more free amino nitrogen 

than their respective untreated controls at all the digestion time points. However, this 

effect was significant (p < 0.05) only at the end of 182 min in vitro oral gastro-small 

intestinal digestion. In addition, there was no significant difference in the ninhydrin-

reactive amino nitrogen released between various gastric digestion time points among 

individual control and PEF-treated samples (Table 3-4). The pepsin concentration used 

in this experiment might be too low. Thus, the pepsin concentration is increased slightly 

for the in vitro digestion experiments reported in Chapter 4 and Chapter 6. Overall, PEF 
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treatment improved the protein digestibility of the muscles by at least 18 % (up to 31 %) 

after 182 min of simulated oral-gastro-small intestinal digestion, in terms of ninhydrin-

reactive amino nitrogen released.  

Table 3-4. Ninhydrin-reactive amino nitrogen released from the control untreated (C500 and 
C2000) and PEF-treated samples ((PN500, 48 ± 5 kJ/kg) and (PN2000, 178 ± 11 kJ/kg)) using an 
electric field strength of 1.00 to 1.25 kV/cm after in vitro oral-gastric (2, 32 and 62 min) and 
further small intestinal (122 & 182 min) digestion.  

Cumulative digestion time (min) 
Ninhydrin free amino nitrogen released (%) 

C500  ̂ PN500  ̂
2 1.8 ± 0.5Aa 2.1 ± 0.5Aa 
32 2.1 ± 0.6Aa 2.6 ± 0.7Aa 
62 1.9 ± 0.4Aa 2.6 ± 0.6Aa 
122 7.4 ± 1.1Ab 8.3 ± 0.4Ab 
182 9.0 ± 0.5Ac 11.9 ± 1.5Bc 

Cumulative digestion time (min) 
Ninhydrin free amino nitrogen released (%) 

C2000* PN2000* 
2 1.8 ± 0.4Aa 2.1 ± 0.3Aa 
32 1.8 ± 0.2Aa 2.4 ± 0.6Aa 
62 1.9 ± 0.1Aa 2.3 ± 0.5Aa 
122 8.2 ± 0.4Ab 9.3 ± 1.4Ab 
182 10.4 ± 0.3Ac 12.2 ± 0.3Bc 

Values with different lower-case letters within the same treatment column differ significantly (p < 0.05). 

Values with different upper-case letters within the same row differ significantly (p < 0.05).  

^Data are shown as mean ± standard deviation of mean. N = 4 (four replicates with 3 measurements from 

each replicate). 

*Data are shown as mean ± standard deviation of mean. N = 3 (three replicates with 3 measurements from 

each replicate). 

 

3.3.4 Ultrastructure of digested meat samples 

The effect of PEF on muscle structural changes after 182 min of in vitro oral-gastro-small 

intestinal digestion was observed using TEM (Figure 3-5). Small grey spots were 

observed in the intermyofibrillar spaces, which might be the products of muscle protein 

degradation, suggesting proteolysis by the digestive enzymes. The Z-disks of both the 

control and PEF-treated samples were degraded after 182 min of incubation with 

simulated digestive juices containing digestive proteases (pepsin followed by pancreatin). 
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Figure 3-5. Transmission electron micrographs of beef Longissimus thoracis muscles showing 
less dense, more coagulated Z-disk and I-band junctions as well as more elongated I-bands of 
PEF-treated sample PN2000 (pulse number of 2000, 1.00 - 1.25 kV/cm, 178 ± 11 kJ/kg) (bottom 
two) than the untreated control C2000 (top two), after 182 min of in vitro oral-gastro-small 
intestinal digestion, at two different magnifications. 
 

3.4 Conclusions  

The results of this experiment showed that PEF treatment alone does not affect the 

appearance and protein thermal profile of bovine Longissimus thoracis muscles. The 

colour and thermal denaturation temperatures of the major meat proteins, such as myosin, 

collagen and actin, remained unchanged. Moisture loss from the muscle was observed in 
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treated samples, which was deduced to be due to fluid loss resulting from cell membrane 

electroporation. The in vitro protein digestibility of meat treated with PEF was improved, 

which might be due to the disruption of myofibrillar structure, enhancing the accessibility 

of digestive enzymes to their substrates. This chapter showed the positive impacts of PEF 

treatment on in vitro protein digestibility of raw beef ribeye muscles. The effect of PEF 

in combination with SV cooking on beef brisket, a tough meat cut, will be investigated in 

Chapter 4. 



  
 

3Part of this chapter has been published as Chian, F. M., Kaur, L., Oey, I., Astruc, T., Hodgkinson, S., & 
Boland, M. (2021). Effects of pulsed electric field processing and sous vide cooking on muscle structure 
and in vitro protein digestibility of beef brisket. Foods, 10(3), 512. https://doi.org/10.3390/foods10030512 
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Chapter 4 3Effects of pulsed electric fields (PEF) and sous vide (SV) 

cooking on the lysosomal enzyme activities, muscle structure and in vitro 

protein digestibly of beef brisket 

4.1 Introduction  

In recent years, low-intensity pulsed electric field, alone or in combination with other 

processing techniques, has been explored for meat tenderisation. The combined PEF-SV 

cooking process (Alahakoon et al., 2018a), the combined freezing-PEF process (Faridnia 

et al., 2015), and the combined PEF-ageing process (Alahakoon et al., 2019; Bhat et al., 

2018d) have been reported to promote meat tenderisation. The meat tenderisation 

mechanisms of PEF are suggested to be due to an earlier activation of the endogenous 

enzymes, the calpains, by the calcium ions released from the muscle cells, and/or the 

action of lysosomal enzymes released from the lysosomes, as a result of cell 

permeabilisation (Alahakoon et al., 2016; Bhat et al., 2018b).  

Calpain activation by PEF has been verified by some recent studies. Bhat et al. (2018d) 

have discovered improved calpain activity in PEF-treated beef Semimembranosus (0.36 

kV/cm, 90 Hz and 0.60 kV/cm, 20 Hz). Bhat, Morton, Mason, Mungure, et al. (2019) also 

detected a slight increase in calpain activity in PEF-treated cold-boned venison 

Longissimus dorsi (2.5 kV, 50 Hz and 10 kV, 90 Hz) during ageing. An increased 

degradation of troponin T, one of the substrates of calpains, was also observed in both 

studies. However, no study has been conducted to validate the release of lysosomal 

enzymes due to the permeabilisation of lysosomes by the action of PEF. Lysosomal 

enzymes, such as cathepsins, are located within lysosomes in the cytoplasm of cell 

(Geesink & Veiseth, 2008). For meat tenderisation, cathepsins have to be released from 

the lysosomes into the cytosol to access their substrate, the myofibrillar proteins.  
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 Red (Flint & Pickering, 1984). In brief, the muscle sections were incubated in acetone for 

an hour followed by picroformalin (5 % formaldehyde, 90 % ethanol in saturated picric 

acid) for 10 min. Then, the sections were submerged into 90 % ethanol for 1 min, distilled 

water for 10 min and Picro-Sirius Red stain (0.1 % Sirius Red in saturated picric acid) for 

1 h. After that, the sections were put in a bath of 0.01 M HCl for 5 min and distilled water 

for 1 min. Finally, the sections were dehydrated by dipping the slides into a bath of 95 % 

ethanol and two baths of 100 % ethanol, followed by two baths of methylcyclohexane. 

Observations were conducted using an optical transmission microscope coupled to a 

digital acquisition kit (Olympus BX61 microscope, Olympus DP 71 digital camera, 

Olympus France SAS, Rungis, France). Observations were made on histological sections 

from three digestion replicates. 

4.2.5.2 Transmission electron microscopy analysis 

The chemically fixed samples (as mentioned in section 4.2.5) were further processed for 

TEM analysis, as described in section 3.2.5 with modifications. The samples were post-

fixed in 1 % osmium tetroxide in 0.1 M sodium cacodylate buffer (pH 7.2) and were 

dehydrated through a graded series of ethanol (70 %, 95 % and 100 %). The dehydrated 

sections were then embedded in epoxy resin (TAAB, Eurobio Scientific, Les Ulis, 

France), followed by sectioning into 90 nm of ultra-thin sections. The ultra-thin sections 

were mounted on copper grids, and were stained with saturated uranyl acetate and lead 

citrate for 30 min each (Reynolds, 1963). The ultrastructure was viewed using a 

transmission electron microscope (HM 7650, Hitachi, Tokyo, Japan) coupled with a CCD 

AMT HR digital camera system (Hamamatsu Photonics, Shizuoka, Japan). The reagents 

used in this section were electron microscopy grade (Electron Microscopy Science, 

Hatfield, PA, USA). Observations were made on TEM sections from two digestion 

replicates. 

















 

 

106 Chapter 4  

 (47 kDa) was digested faster in the PEF-treated SV-cooked meat. Moreover, the bands 

with MW of 34 kDa, 32 kDa, and 31 kDa were found in both samples at the end of 122 

min of simulated digestion, with the intensities of these bands higher in the control SV-

cooked meat digests. The protein bands with MW of 34 kDa and 32 kDa (unidentified 

protein) were not detected in the digest of both the control and the treated samples at the 

end of 182 min of simulated digestion. At the same time, the intensity of the band with 

MW of 31 kDa (unidentified protein) was further reduced, with a higher band intensity 

found in the digest of control SV-cooked samples. Furthermore, a new band with a MW 

of 26 kDa, which could be the hydrolysis product of higher MW proteins, formed only in 

the digest of PEF-treated SV-cooked meat (Kaur et al., 2014). These observations 

demonstrated that the PEF-treated SV-cooked meat was better hydrolysed when 

compared to the untreated SV-cooked meat during simulated digestion.  Bhat, Morton, 

Mason, Jayawardena, et al. (2019) also observed a greater and faster proteolysis of PEF-

treated cooked beef. He proposed that PEF treatment resulted in protein structural changes 

and improved membrane permeability in meat, increasing the availability of proteolytic 

sites to digestive enzymes. Overall, the SDS-PAGE analysis demonstrated that PEF 

treatment influenced the digestive properties of the SV-cooked meat, where the protein 

and peptide profile of the meat digests was modified. 

 

 

 



   

 
 

107 
C

hapter 4  

 
Figure 4-4. Tricine SDS-PAGE electrophoretogram showing the protein profile of the digests of control SV-cooked and PEF-treated SV-cooked meat during 
simulated digestion.  
L7 and L12 are the molecular weight standard, labelled in kDa. L1, L3 and L5 denote control SV-cooked samples at 2, 32 and 62 min of oral-gastric digestion respectively. L2, 
L4 and L6 denote PEF-treated SV-cooked samples at 2, 32 and 62 min of oral-gastric digestion respectively. L8 and L10 represent control SV-cooked samples at 122 and 182 
min of oral-gastric-small intestinal digestion respectively. L9 and L11 represent PEF-treated SV-cooked samples at 122 and 182 min of oral-gastric-small intestinal digestion 
respectively. The protein were identified on the electrophoretogram as described by Kaur et al. (2014), Kaur et al. (2016), and Boland et al. (2019). MHC stands for myosin 
heavy chain.
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 4.3.2.2 Ninhydrin-reactive amino nitrogen 

The ninhydrin-reactive amino nitrogen released by meat samples at different digestion 

time points was determined as a quantitative measure of in vitro protein digestibility. A 

higher percentage of ninhydrin-reactive amino nitrogen indicates a greater extent of 

protein hydrolysis by the digestive enzymes. As summarised in Table 4-2, there was no 

difference in the percentage of ninhydrin-reactive amino nitrogen released after 122 min 

of in vitro oral-gastro-small intestinal digestion between the control SV-cooked and the 

PEF-treated SV-cooked meat (p > 0.05). However, at the end of 182 min of simulated 

digestion, there was significantly more ninhydrin-reactive amino nitrogen released from 

the PEF-treated SV-cooked meat than the control SV-cooked meat. Overall, the combined 

PEF-SV process increased the in vitro oral-gastro-small intestinal protein digestibility by 

approximately 28.6 %, which is in agreement with the findings of an increased proteolysis 

of the PEF-treated SV-cooked meat as discussed in section 4.3.2.1. However, Alahakoon 

et al. (2019) reported that the in vitro protein digestibility of beef brisket was unaffected 

by the combined PEF-SV cooking process. Although the experiment was conducted with 

the same meat cut (beef brisket) and processing parameters (0.7 kV/cm, 90 to 100 kJ/kg), 

the authors reported no significant difference in the trichloroacetic acid (TCA)-soluble 

peptides concentration between the control SV-cooked and PEF-treated SV-cooked meats 

at the end of the simulated digestion. This might be due to the difference in the assay used 

in determining the extent of proteolysis. Measuring the degree of hydrolysis with TCA-

soluble peptides concentration assumes that all the intact proteins are precipitated by TCA 

and only small peptides and amino acids remain in the soluble fraction (Rutherfurd, 2010). 

However, this assumption might be incorrect as TCA has been reported unable to 

precipitate up to 70 % of proteins or peptides larger than 10 kDa from ileal digest. Thus, 

quantifying TCA-soluble peptides might overestimate the degree of proteolysis if the 
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 gastric digestion, the muscle structure of both control SV-cooked and PEF-treated SV-

cooked muscles was damaged at the edges of the meat sections. Further in vitro digestion 

with the addition of pancreatin at pH 7.0 ± 0.1 for 2 h resulted in more breakdown of the 

muscle cells and connective tissue, while the disruption extended towards the core of the 

samples. The damage to the muscle structure was greater in the PEF-treated SV-cooked 

samples at the end of both in vitro oral-gastric and oral-gastro-small intestinal digestion. 

This indicates that the PEF-treated SV-cooked brisket was more susceptible to enzymatic 

hydrolysis by the digestive enzymes, which is in agreement with the outcomes from the 

SDS-PAGE and ninhydrin-reactive amino nitrogen analysis as mentioned in section 

4.3.2.1 and 4.3.2.2, respectively. Swollen muscle cells were observed in both control SV-

cooked and PEF-treated SV-cooked meat after 62 min of simulated oral-gastric digestion, 

with an enhanced swelling effect observed in the PEF-treated meat. Bordoni et al. (2014) 

observed the swelling phenomena of muscle cells due to the penetration of the saliva and 

gastric juices into the meat matrix during simulated digestion. Swelling of muscle cells 

during gastric digestion has been reported to be due to the effect of acidic gastric juice 

but not the action of pepsin (Astruc, 2014b). Astruc detected an increment in the muscle 

cell size in cooked meat samples incubated in simulated gastric juice without the addition 

of pepsin. Acidic pH (pH < 3.52) resulted in an increment in the net positive charges on 

the myofibrillar proteins which increased the electrostatic repulsion forces between 

protein molecules (Ke et al., 2009). This might result in larger spaces between the 

myofilaments, allowing the penetration of the digestive juice into the meat matrix. In 

addition, PEF has been reported to lead to the formation of pores in cell membranes due 

to electroporation (Alahakoon et al., 2016). The formation of pores might enhance the 

diffusion of digestive juices into the meat matrix. The enhanced penetration of digestive 

juices facilitates the accessibility of digestive enzymes to their substrates, enabling 
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 enzymatic protein hydrolysis. Thus, the increased enzymatic breakdown of PEF-treated 

SV-cooked muscle structure could be a consequence of the enhanced diffusion of 

digestive juices, displaying as more swollen cells of the PEF-treated samples during 

simulated digestion as observed in Figure 4-5, promoting the action of digestive enzymes.  
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Figure 4-5. Histological sections of the control SV-cooked and the PEF-treated SV-cooked meat at different digestion time points, showing more severe 
structural degradation of PEF-treated meat by the digestive enzymes at the end of simulated digestion. Connective tissue was stained in red by Sirius Red dye 
and muscle cells were stained in yellow by picric acid. 
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 hydrolysis during the initial stage of SV cooking by the action of endogenous enzymes. 

The modification of the I-band and Z-disk junctions has been detected in aged muscles 

as a result of postmortem proteolysis (Astruc, 2014b; Ouali, 1990). Endogenous enzymes 

cathepsin H, and cathepsins B, L, and D, were found to be active in the first 30 min and 

1 h of SV cooking, respectively (Figure 4-3). Structure disruption due to postmortem 

proteolysis and the action of endogenous enzymes during low temperature long time 

cooking might promote the action of digestive enzymes during subsequent digestion 

(Astruc, 2014b). 

After 182 min of in vitro oral-gastro-small intestinal digestion, the breakdown of the 

myofibrils was observed in both control SV-cooked and PEF-treated SV-cooked muscles 

(Figure 4-7). The Z-disks were degraded and the sarcomeres were broken down. More 

severe Z-disk and sarcomere disruption was observed in the digested PEF-treated SV-

cooked muscles than in the digested control SV-cooked muscles. This shows that the 

PEF-treated SV-cooked muscles were more susceptible to proteolysis by the digestive 

enzymes, which is consistent with the microstructure analysis as discussed above. In 

addition, more coagulated and elongated I-bands were found in the digested PEF-treated 

SV-cooked muscles. This was also observed in the digested raw PEF-treated bovine 

Longissimus thoracis muscles as shown in Figure 3-5, where the digested PEF-treated 

raw muscles had better protein digestibility than the untreated samples. The more 

coagulated I-bands of the digested PEF-treated muscles might be due to more acid 

denaturation of the protein by the gastric juices, which exposed buried peptide bonds for 

the access of digestive enzymes, leading to improved proteolysis (Chian et al., 2019; 

McGuire & Beerman, 2012).  
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Figure 4-6.Transmission electron micrographs showing the ultrastructure of the control (C) SV-
cooked (A, B) and the PEF-treated SV-cooked (C, D) beef brisket before simulated oral-gastro-
small intestinal digestion.  
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Figure 4-7. Transmission electron micrographs showing the ultrastructure of the control (C) SV-
cooked (A, B) and the PEF-treated SV-cooked (C, D) beef brisket after 182 min of simulated 
oral-gastro-small intestinal digestion.  
The digested PEF-treated SV-cooked meat had more damaged sarcomeres and more coagulated and 
elongated I-bands, indicating more severe proteolysis by the digestive enzymes. 
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 during simulated digestion. More swollen muscle cells were observed in the PEF-treated 

SV cooked meat after 62 min of simulated oral-gastric digestion, suggesting an enhanced 

penetration of digestive juices in the treated samples. The enhanced penetration of 

digestive juices is postulated be due to the formation of pores in muscle cell membranes 

as a result of the electroporation effect of PEF, facilitating the accessibility of digestive 

enzymes to their substrates. More damaged muscle microstructure and ultrastructure was 

also detected in the PEF-treated SV-cooked muscles at the end of in vitro oral-gastro-

small intestinal digestion, compared to the control cooked samples. These observations 

show that a combination of PEF treatment and SV cooking process resulted in muscle 

structural changes, leading to an improvement in vitro protein digestibility of meat. 



  
 

 4This chapter has been published as Chian, F. M., Kaur, L., Astruc, T., Vénien, A., Stübler, A.-S., 
Aganovic, K., Loison, O., Hodgkinson, S., & Boland, M. (2021). Shockwave processing of beef brisket in 
conjunction with sous vide cooking: Effects on protein structural characteristics and muscle 
microstructure. Food Chemistry, 343, 128500. https://doi.org/10.1016/j.foodchem.2020.128500  
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Chapter 5 4Shockwave (SW) processing of beef brisket in conjunction 

with sous vide (SV) cooking: Effects on protein structural 

characteristics and muscle microstructure 

5.1 Introduction  

Emerging technologies for the production of high-quality products are receiving 

considerable interest from the meat industry. Technologies such as SW processing 

(Bolumar et al., 2013; Claus, 2017), PEF processing (Faridnia et al., 2014), SV cooking 

(Roldan et al., 2013) and exogenous enzyme technologies (Zhu, Kaur, Staincliffe, et al., 

2018) have been investigated in designing processes that may effectively improve meat 

quality, especially those low value tougher meat cuts. Low value meat cuts such as brisket 

(Superficial and Deep pectoral) usually have a problem of background toughness due to 

high connective tissue content (Boland et al., 2019). Processing may modify the protein 

profile and induce structural changes to meat, affecting the organoleptic and nutritional 

quality of meat (Listrat et al., 2016). 

Shockwaves are mechanical high-pressure pulses generated in liquids or gases that can 

result in underwater pressure of up to 1 GPa (Bolumar et al., 2013). The pressure waves 

travel through media in fractions of milliseconds. These pressure waves can be generated 

by using explosive material or conversion of electrical energy into mechanical energy. 

The SW process can be conducted in either batch or continuous mode. Shockwave 

processing using underwater electrical discharge in a continuous way has been described 

as a much safer, cheaper and a more reproducible technique (Bolumar et al., 2013; 

Bolumar & Toepfl, 2016). Microbial and chemical cross-contamination are prevented as 

the meat is vacuum-packed before processing, and the use of explosives is avoided. 

However, there are challenges, such as damage of packaging material during processing, 
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 in 0.1 M sodium cacodylate buffer (12300, Electron Microscopy Science, Hatfield, PA, 

USA) at pH 5.6 overnight at room temperature before storage at 4 °C for TEM analysis. 

5.2.4.1 Fourier-transform infrared (FT-IR) microspectrometry for molecular structure 

analysis 

The cryofixed muscle cubes from each animal were sectioned transversely into 6 µm thick 

sections using a cryostat (CM1950, Leica Microsystems GmbH, Wetzlar, Germany) at -

20 °C. The sections were collected on a BaF2 window (BAFP13-1, Crystran Ltd, Dorset, 

United Kingdom) with IR spectroscopy compatibility and were air-dried at room 

temperature. The FT-IR microspectrometry analysis was performed as described by 

Motoyama et al. (2017) with modifications. In brief, the infrared spectra were acquired 

using a FT-IR microspectroscope (Nicolet iN10 MX, Thermo Scientific, Waltham, MA, 

USA) using a spatial resolution of 15 x 15 µm. For each section, at least 30 sampling sites 

for both myofibres and connective tissue were scanned with a total of 64 scans 

accumulated. The accumulated spectra were averaged and subtracted from a background 

spectrum obtained at the start of the scan, followed by analysis using the Unscrambler 

software (v9.8, Camo Software AS, Norway). Spectral corrections were performed using 

extended multiple signal correction (EMSC) to remove the effects of fluctuation in 

baseline due to light scattering and non-uniformity of sample thickness. The analysis was 

performed in triplicate (three different animals) for each treatment. 

5.2.4.2 Histochemistry for microstructure analysis 

The cryosectioning, Picro-Sirius Red staining and imaging process were performed as 

described in section 4.2.5.1. Sections were photographed at six different locations per 

replicate, followed by image analysis with ImageJ (1.52f, National Institute of Health, 
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Bethesda, MD, USA). The analysis was performed in triplicate (three different animals) 

for each treatment. 

5.2.4.3 Transmission electron microscopy for ultrastructure analysis 

Transmission electron microscopy (TEM) analysis was performed according to section 

4.2.5.2. The analysis was performed in triplicate (three different animals) for each 

treatment. 

5.2.5 Statistical analysis 

Statistical analysis for the DSC tests and muscle microstructural analysis was performed 

using one-way and two-way ANOVA respectively to evaluate the significance of difference 

at a confidence level of 0.05, followed by a post-hoc Tukey test using 

OriginPro 2018b (OriginLab Corporation, Northampton, MA, USA). Results obtained 

from the statistical analysis are reported as mean ± standard deviation of mean. The FT-IR 

spectra obtained were analysed using principal component analysis (PCA), a multivariate 

statistical analysis, to identify the differences between samples and correlate the differences 

to spectral bands. The PCA was run using the Unscrambler software (v9.8, Camo Software 

AS, Oslo, Norway). The computation of PCA was based on Non-linear Iterative Projections 

by Alternating Least-Squares (NIPALS) algorithm. Correlation loading plots derived from 

the first (PC1) and second (PC2) principal component X-loading plots were used to reveal 

and identify characteristic vibrational absorption bands. The spectral domain was focused 

on the 1500-1800 cm-1 range that includes the amide I and amide II band of proteins. 
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Figure 5-3. Thermal denaturation characteristics of both the control (C) and SW-treated raw beef brisket.  
Values with different letters within the same column differ significantly (p < 0.05). 
Data are shown as mean ± standard deviation of mean. N = 3 (3 replicates with 3 measurements from each replicate).  
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 5.3.2  Gel electrophoresis   

Under non-reducing conditions (Figure 5-5A), the profiles of proteins with molecular 

weight (MW) of equal to and less than 250 kDa of the control and SW-treated raw 

muscles were similar. Intense protein bands were observed in the sample loading wells 

of all of the samples, indicating the presence of large proteins and possibly cross-linked 

proteins, which could not travel through the stacking gel during the electrophoresis 

process. The intensity of these bands increased after SV cooking, especially in SW-treated 

SV-cooked sample (solid box in Figure 5-5A). The relatively more intense bands at the 

sample loading wells of SV-cooked samples are presumed to be due to the formation of 

protein aggregates as a result of protein denaturation, increased protein surface 

hydrophobicity, and/or through cross-linking such as disulfide bonding, during the 

cooking (He et al., 2018). The most intense band detected in the SW-treated SV-cooked 

meat suggests that more protein aggregates were formed compared to the control SV-

cooked sample, after the heat treatment.  

Under non-reducing conditions, bands with MW above 250 kDa were observed below 

the sample loading wells (dotted box in Figure 5-5A). However, under reducing 

conditions, these bands were not seen in both the control and SW-treated SV-cooked 

samples (dotted box in Figure 5-5B), demonstrating the reduction of disulfide bonds. 

Cooking causes the unfolding of the muscle proteins which can lead to protein 

aggregation promoted by the formation of disulfide bonds from exposed thiol groups (He 

et al., 2018). Thus, 2D non-reducing/reducing PAGE was performed to further investigate 

the disulfide bonding formed during the cooking. By reducing the non-reduced first 

dimension gel before running the second dimension, peptides that are cross-linked with 

disulfide bonds can be detected as they will not lie on the diagonal (Dave et al., 2013). 
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Figure 5-6. Two-dimensional non-reducing/reducing SDS-PAGE electrophoretogram of control 
and SW-treated SV-cooked muscles showing that no additional disulfide bonds have formed in 
SW-treated muscles after SV cooking. 
 

5.3.3 Muscle molecular structure 

As amide I (1600 to 1700 cm-1) and amide II (1500 to 1600 cm-1) vibrational bands reflect 

the polypeptide chain structure, the FT-IR spectra range from 1500 to 1800 cm-1 was used 

for the analysis of protein secondary structure of the control and SW-treated meat samples 

(Figure 5-7) (Motoyama et al., 2017). Principal component analysis of the FT-IR spectra 

of both the myofibres and connective tissue clearly discriminated the raw samples from 

the cooked ones (results not shown) as a consequence of the thermal protein denaturation 

(Astruc et al., 2012; Théron, Vénien, et al., 2014). Shockwave treatment did not change 

the spectral response of the connective tissue both before and after cooking (data not 

shown). This suggests that SW treatment did not affect the protein secondary structure of 

the connective tissue. The lowered in thermal stability of connective tissue in SW-treated 

meat is probably mainly due to the weakening in collagen triple helix tertiary and 

quaternary structure, as speculated and discussed in section 5.3.1 (Meyer, 2019).   
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Conversely, SW processing changed the FT-IR response of the myofibres, both with and 

without SV cooking. The PCA score plot of the raw myofibres highlighted a coarse 

separation between the control and SW-treated samples mostly in the PC1 (83 % of the 

overall variation) and marginally in the PC2 (12 % of the overall variation) (Figure 5-

7A), indicating that SW treatment had altered the protein secondary structure of the 

myofibres. Subsequent SV cooking resulted in an increased separation between the 

control and SW-treated muscle mainly in the PC1 (67 % of the overall variation) and 

slightly in the PC2 (13 % of the overall variation) (Figure 5-7B). As the differences 

between the control and SW-treated samples, with and without SV cooking, were 

explained majorly in the PC1, the correlation loading plot of PC1 was constructed in order 

to get further information on the variance. 

The correlation loading plot of the raw myofibres (Figure 5-7C) reveals that the 

separation of the control and SW-treated samples in the PC1 are mainly related to the 

wavenumbers of 1547, 1616 and 1655 cm-1. The wavenumber 1547 cm-1 is assigned to 

the amide II band of alpha helical structures, the wavenumber 1616 cm-1 is assigned to 

the amide I band of intermolecular aggregated beta sheet structures, while the 

wavenumber 1655 cm-1 is assigned to the amide I band of alpha helical structures (Larrea-

Wachtendorff et al., 2015; Perisic et al., 2011). As SW-treated samples are concentrated 

at the positive scale of the PC1 of the PCA score plot, they are highly correlated to alpha 

helical structures at both the amide I and II band regions (positive peaks showed in the 

correlation loading plot) and negatively correlated to the intermolecular aggregated beta 

sheet structures (negative peak showed in the correlation loading plot). This observation 

was speculated to be due to the reversion of intermolecular aggregated beta sheet in meat 

into native beta sheet, which are then converted to alpha helices, by the action of SW. 

The intermolecular aggregated beta sheet of equine serum albumin was dissociated and 
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Figure 5-7. The PCA score plots from FT-IR microscopy showing (A) a coarse separation in the PC1 (83 %) of the control and SW-treated raw myofibres and 
(B) a more distinct separation in the PC1 (67 %) of the control and SW-treated SV-cooked myofibres, in the 1500 to 1800 cm-1 region. The correlation loading 
plots of the (C) control and SW-treated raw myofibres and (D) control and SW-treated SV-cooked myofibres, in the 1500 to 1800 cm-1 region, show the major 
wavenumbers that are responsible for the group separation in PC1. 
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Table 5-1. Histological characteristics of muscle fibres of both the control and SW-treated meat before and after SV cooking: muscle fibres cross-sectional area 
(CSA), perimeter, Feret diameter and extracellular spaces area (ECSA).  

 Control Raw SW Raw Control SV SW SV 
Statistical significance 

SW 
treatment 

SV 
cooking 

SW treatment* 
SV cooking 

CSA x 105 (µm2) 3.7 ± 0.2A 3.8 ± 0.2A 2.6 ± 0.1B 2.5 ± 0.1B ns s ns 
Perimeter (µm) 213 ± 12A 217 ± 8A 165 ± 12B 162 ± 11B ns s ns 
Feret diameter (µm) 71 ± 5A 72 ± 3A 53 ± 2B 52 ± 3B ns s ns 
ECSA x 104 (µm2) 3 ± 2A 3 ± 1A 15 ± 2B 20 ± 1C ns s s 

Values with different letters within the same row differ significantly (p < 0.05); s: significantly different (p < 0.05); ns: not significantly different (p > 0.05) 

Data are depicted as mean ± standard deviation of mean. N = 3 (3 replicates with 6 measurements from each replicate). 

 
 
 

 
Figure 5-8. The muscle fibre morphology of the samples observed under light microscope, showing an increase in extracellular space area (ECSA) after SV 
cooking, especially in SW-treated samples. Connective tissue was stained in red by Sirius Red dye while muscle cells were stained in yellow by picric acid. 
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Figure 5-9. Transmission electron micrographs showing the ultrastructure of beef brisket with 
and without processing.  
A and C: control untreated raw muscle; B and D: SW-treated raw muscle; E: control untreated SV-cooked 
muscle; F: SW-treated SV-cooked muscle. GA: granular aggregate. Shockwave treatment has caused the 
formation of wavy and disordered sarcomeres. Subsequent SV cooking led to the disintegration of the Z-
disk structures and coagulation of the myofibrils to a greater extent when compared to the control untreated 
SV-cooked meat. 
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 5.4 Conclusions  

Shockwave processing lowered the thermal stability but did not affect the protein 

secondary structure of connective tissue. In contrast, SW affected the protein secondary 

structure of myofibres and the changes were speculated to be due to the reversion of 

intermolecular beta sheet structure to native structure and the formation of alpha helices 

by the application of SW. Shockwave processing disrupted the muscle ultrastructure by 

the formation of wavy sarcomeres and disorganised Z-disks. Subsequent SV cooking 

further modified the molecular, micro- and ultrastructures of the SW-treated muscles. 

More aggregated beta sheet structure and more contracted muscle cells were observed in 

the SW-treated SV-cooked meat, accompanied with more severe disintegration of Z-disks 

and coagulated ultrastructure. As the combination of SW processing and SV cooking has 

a great impact on the muscle structure, it could be a useful approach in adding value to 

tougher meat cuts by possibly improving meat tenderness. Nevertheless, further research 

is needed to fully understand the modification in muscle protein and structure of SW-SV-

processed meat, such as collagen solubility, which is related to thermal stability of the 

connective tissue. The effect of the modifications to meat protein and structure caused by 

SW-SV process on other meat properties such as texture and nutritional qualities will be 

investigated in Chapter 6. 
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 Chapter 6 Shockwave processing and sous vide cooking of beef brisket: 

Effects on meat physicochemical properties, texture and protein 

digestibility in vitro 

6.1 Introduction  

Low value meat cuts such as brisket (Superficial and Deep pectorals) usually have a 

problem of background toughness due to the presence of a higher amount of connective 

tissue (Boland et al., 2019). However, their texture can be improved by partial 

solubilisation of collagen during cooking. The sarcomere structure and postmortem 

proteolysis of myofibrils are also key determinants of meat tenderness (Boland et al., 

2019). It is desirable and beneficial to implement treatments of the tough cuts by targeting 

both the connective tissue and myofibrillar proteins to create meat products with 

improved tenderness. A combined SW-SV process has the potential to act on both the 

connective tissue and myofibrillar proteins for meat tenderisation. 

Shockwave processing can be carried out as a pre-treatment, targeting myofibrillar 

proteins for meat tenderisation and may be followed by subsequent processing such as 

SV cooking for collagen solubilisation, before distribution to the market or consumer 

(Bolumar et al., 2013). As discussed in section 2.8.2, the tenderising effect of SW 

processing is seen to be largely due to muscle structure modification, such as myofibrillar 

fragmentation along the Z-disks (Zuckerman & Solomon, 1998) and disruption of 

collagen fibrils (Zuckerman et al., 2013). These structural disruptions may facilitate the 

penetration of endogenous meat proteases during maturation (Bolumar et al., 2014). In 

contrast, SV cooking results in the shrinkage and conversion of connective tissue (such 

as collagen) to gelatine which decrease the interfibre adhesion, resulting in meat 

tenderisation. The lower temperatures used in SV cooking also prevent excessive 
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Table 6-1. pH, colour, purge loss and cook loss for control and SW-treated beef brisket, with and without SV cooking.  

 Control Raw SW Raw Control SV SW SV 
Statistical significance 

SW treatment 
SV 

cooking 
SW treatment x 

SV cooking 
pH^ 5.7 ± 0.0A 5.7 ± 0.1A 6.0 ± 0.1B 6.0 ± 0.1B ns s ns 

Colour~ 
L*  39 ± 0A 39 ± 0 A 55 ± 1B 55 ± 1B ns s ns 
a*  13.5 ± 0.4 A 13.5 ± 0.3 A 11.8 ± 0.5 B 10.8 ± 0.5B ns s ns 
b*  5.4 ± 0.3A 5.4 ± 0.4A 9.8 ± 0.5B 10.0 ± 0.6B ns s ns 

Purge loss (%)#@ 0.2 ± 0.1A 0.3 ± 0.1A N.A ns N.A N.A 
Cook loss (%)# N.A 25 ± 2A 28 ± 1B s N.A N.A 

^N = 3 (3 replicates with 3 measurements from each replicate). 
~N = 3 (3 replicates with 25 measurements from each replicate). 
#N = 3 (3 replicates with 1 measurement from each replicate).  
@ Purge loss of the control raw samples was determined by calculating the percentage change in weight of the control untreated sample, measured right before and after the SW 

processing conducted for the assigned SW-treated samples. 

Colour measurements definition according to León et al. (2006): 

�ƒ L*: lightness (0 indicates black while 100 indicates absolute white). 

�ƒ a*: redness (positive value)/ greenness (negative value). 

�ƒ b*: yellowness (positive value) /blueness (negative value). 

Values with different letters within the same row differ significantly (p < 0.05). 

s: significantly different (p < 0.05); ns: not significantly different (p > 0.05); N.A.: not applicable. 

Data are shown as mean ± standard deviation of mean. 



 
   

 

151 Chapter 6  

 6.3.2 Effects of SW and SV cooking on meat texture 

The Warner-Bratzler (WB) shear force and TPA of SV-cooked meat (both control and 

SW-treated) are summarised in Table 6-2. A 11 % reduction in WB shear force was 

observed for the SW-treated SV-cooked meat compared with the cooked control (p < 

0.05). This observation is consistent with the literature, where the reduction in WB shear 

force of SW-treated meat has been found to be around  5 to 30 % for electrical discharge 

SW, depending on the processing conditions and meat cuts (Bolumar & Toepfl, 2016). 

These texture enhancements were concluded to be due to the physical disruption of 

muscle fibres and collagen (Solomon et al., 1998; Zuckerman et al., 2013). 

Disorganisation of the sarcomere structure was also observed in the SW-treated SV-

cooked meat as discussed in section 5.3.5 (Figure 5-9). However, TPA measurements of 

both the control and SW-treated SV-cooked samples were not statistically different. The 

observed differences in measurement of tenderising effect among WB shear force and 

TPA tests might be due to the inhomogeneity distribution of the connective tissue in the 

brisket samples. Although visible connective tissue was removed prior to the texture 

analysis, there is still the possibility of connective tissue embedded in some of the sample. 

As WB shear force has been reported to be more sensitive to myofibrillar components 

than the connective tissue, the embedded connective tissue might not affect the WB shear 

force values when compared to TPA measurements (Møller, 1981). Future work using 

larger sample sizes (for each replicate) for textural analysis will allow clearer observation 

of the effect of SW and subsequent SV cooking on meat texture.  
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 cooked meat were also reduced at the end of digestion. Bands with a MW of 30 kDa were 

deduced to be the hydrolysis product of troponin T, while bands with MW of 46 kDa and 

29 kDa might be the proteolytic products of other high MW myofibrillar proteins (Kaur 

et al., 2014; Toldrá, 2012). The decrease in their band intensity signifies further break 

down of these fragments, especially in the SW-treated SV-cooked samples. In addition, 

the bands with MW of 25 kDa and 18 kDa were also more intense in the SW-treated SV-

cooked meat at the end of digestion. These observations demonstrate improved 

proteolysis of meat protein by the digestive enzymes after SW treatment. Enhanced 

protein breakdown of high hydrostatic pressure-treated meat during simulated digestion 

has also been reported by Kaur et al. (2016). 
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Figure 6-1. Tricine SDS-PAGE electrophoretogram showing protein profiles of the digests of both control and SW-treated SV-cooked meat during simulated 
digestion.  
L1 and L8 are the molecular weight standards labelled in kDa. L2, L4, L6, L9 and L11 denote control SV-cooked samples at 2, 32, 62, 122 and 182 min of oral-gastro-small 
intestinal digestion respectively. L3, L5, L7, L10 and L12 denote SW-treated SV-cooked samples at 2, 32, 62, 122 and 182 min of oral-gastro-small intestinal respectively. The 
meat proteins labelled on the electrophoretogram were identified from their apparent MW, according to Kaur et al. (2014) and Boland et al. (2019). 
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 6.3.3.2 Ninhydrin-reactive amino nitrogen 

The degree of hydrolysis of the meat samples at different digestion times was determined 

as ninhydrin-reactive amino nitrogen released during in vitro oral-gastro-small intestinal 

digestion using the ninhydrin assay (Table 6-3). The ninhydrin-reactive amino nitrogen 

released from both control and SW-treated SV-cooked meat were not significantly 

different after 32 min of oral-gastric digestion. However, at the end of simulated oral-

gastric digestion, the ninhydrin-amino nitrogen released from the SW-treated cooked 

samples was higher than control untreated cooked sample (p < 0.05). This trend continued 

after 122 and 182 min of simulated oral-gastro-small intestinal digestion (p < 0.05). 

Overall, SW processing improved the protein digestibility of the SV-cooked beef by 

approximately 22 %, in terms of ninhydrin-reactive amino nitrogen released, at the end 

of in vitro oral-gastro-small intestinal digestion. 

Table 6-3. Ninhydrin reactive amino nitrogen released from both control and SW-treated SV-
cooked meat after in vitro oral-gastric (2, 32 and 62 min) and further small intestinal (122 & 182 
min) digestion.  
Cumulative digestion 

time (min) 
2 32 62 122 182 

Ninhydrin
-reactive 
amino 

nitrogen 
(%)  

Control
-SV 

1.5 ± 0.4aA 2.0 ± 0.1abA 3.2 ± 0.2bA 9.3 ± 0.7cA 13.1 ± 1.0dA 

SW-SV 1.8 ± 0.3aA 2.1 ± 0.6aA 4.0 ± 0.2aB 12.7 ± 1.9bB 16.0 ± 0.7cB 

Values with different lower-case letters within the same row differ significantly (p < 0.05). 

Values with different upper-case letters within the same column differ significantly (p < 0.05).  

Data are shown as mean ± standard deviation of mean. N = 3 (three replicates with 3 measurements from 

each replicate). 
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 The ultrastructure of the SV-cooked meat after 182 min of in vitro oral-gastro-small 

intestinal digestion is depicted in Figure 6-3. The Z-disks of both control and SW-treated 

SV-cooked samples were degraded and there was the formation of grey spots in the 

intermyofibrillar spaces, indicating the breakdown of muscle proteins by digestive 

enzymes. More elongated I-bands was observed in the SW-treated cooked meat, which 

might be due to the weakening of the thin filaments in I-bands after excessive enzymatic 

hydrolysis of the Z-disks (Chian et al., 2019; McGuire & Beerman, 2012). Similar effects 

were observed in PEF-treated raw bovine Longissimus thoracis muscles (Figure 3-5) and 

PEF-treated SV-cooked beef brisket (Figure 4-7) with improved protein digestibility. In 

addition, more coagulated sarcomeres was observed in the SW-treated meat after SV 

cooking when compared to the control cooked meat (Figure 5-9), which might have 

exposed buried peptide bonds for the access of digestive enzymes, leading to improved 

proteolysis of the former (McGuire & Beerman, 2012).
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Figure 6-2. Histological sections of both control (C) and SW-treated SV-cooked meat at different digestion time points, showing more severe structural 
degradation of SW-treated cooked meat by the digestive enzymes at the end of simulated digestion. Connective tissue was stained in red by Sirius Red dye and 
muscle cells were stained in yellow by picric acid.
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Figure 6-3. Transmission electron micrographs showing the ultrastructure of control SV-cooked 
(left two) and SW-treated SV-cooked (right two) beef brisket at the end of simulated oral-gastro-
small intestinal digestion.  
The digested SW-treated SV-cooked meat has more elongated I-bands, indicating more severe proteolysis 
by the digestive enzymes.  
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 6.4 Conclusion 

Shockwave processing did not affect the purge loss, pH and colour of meat. Subsequent SV 

cooking increased cook loss while decreasing the WB shear force of beef brisket when 

compared to control SV-cooked meat. Shockwave-treated SV-cooked meat had enhanced 

protein digestibility after 62 min of simulated oral-gastric digestion and during subsequent 

2 h of small intestinal digestion. There was approximately 22 % higher ninhydrin-reactive 

amino nitrogen released from the SW-treated cooked meat at the end of the in vitro oral-

gastro-small intestinal digestion, than the control SV-cooked meat. Tricine SDS-PAGE 

indicates increased proteolysis of the SW-treated SV-cooked meat proteins compared to the 

control SV-cooked meat by the digestive enzymes. The micro- and ultrastructures of the 

SW-treated SV-cooked muscle also showed more break down than the control cooked meat, 

at the end of simulated digestion. These findings suggest combination of SW processing 

and SV cooking can improve not only tenderness but also enhance nutritional quality of 

meat. Further research is needed to fully understand SW-SV processing optimisation and 

to enable a cost-benefit analysis of these processes. 
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 (2011) have proposed that actinidin prefers to act on myofibrillar proteins rather than 

connective tissue, as they observed a shear force reduction in the actinidin-treated bovine 

Semimembranosus, but not compression force. 

Actinidin treatment has been reported to affect meat ultrastructure, as discussed in section 

2.8.4.1. Muscle destruction along the Z-disks, elongated sarcomeres with extended A-

bands, and damaged endomysium were observed in the actinidin-treated muscles 

(Christensen et al., 2009; Zhu, Kaur, Staincliffe, et al., 2018). Nevertheless, knowledge 

about the effect of actinidin on meat structure in the current literature is limited, especially 

with regard to the breakdown of muscle microstructure due to the action of actinidin.  

In addition to its meat tenderisation properties, actinidin has been reported to aid in 

protein digestion, particularly in the gastric phase, both in vitro and in vivo. Actinidin 

enhanced the gastric digestion of myofibrillar proteins and improved the small intestinal 

digestion of collagen slightly, in vitro (Kaur et al., 2010a, 2010b). When actinidin was 

added to the diet of growing pigs, a faster gastric emptying rate (dry matter and nitrogen) 

and an improvement in gastric digestion of beef muscle proteins were observed (Montoya 

et al., 2014). However, no study has been conducted to examine the effect of actinidin 

plus pepsin on food structure during digestion. The mechanism by which the dietary 

actinidin, when added to the digestive juices, accesses its substrates is also unknown.  

Astruc (2014b) examined the accessibility of the digestive enzymes in meat by locating 

pepsin in peptic digested meat using immunohistofluorescence imaging. These findings 

would provide some information on the accessibility of pepsin to its substrates during 

meat proteolysis. During the immunostaining, the peptic digested muscles were treated 

with a primary antibody, the anti-pepsin, followed by a secondary antibody containing a 

fluorescent marker, forming an antigen-antibody (Ag/Ab) complex that was able to be 
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Table 7-1. The details of the incubation solutions for the experiments. 

Experiments Samples Incubation solutions 
Actinidin activity 

(U/g meat) 

One- to study the effect of 
actinidin on meat 

microstructure during 
marination 

A (Control) 4.5 mL of sodium citrate buffer (100 mM, pH 5.6) 0 

B 
60 µL of kiwifruit extract (pH 5.6) and 4.44 mL of sodium citrate buffer (100 mM, pH 
5.6) 

0.25 

C 
416 µL of kiwifruit extract at pH 5.6 and 4.004 mL of sodium citrate buffer (100 mM, pH 
5.6) 

1.7 

Two- to study the effect of 
actinidin on meat 

microstructure during 
simulated gastric digestion 

A (Control) 4.5 mL of sodium citrate buffer (100 mM, pH 3) 0 

B 
Pepsin (8 U/mg meat protein, based on section 4.2.4.1) in 4.5 mL of sodium citrate buffer 
(100 mM, pH 3) 

0 

C 416 µL of kiwifruit extract (pH 3) and 4.084 mL of sodium citrate buffer (100 mM, pH 3) 0.4 

D 
Pepsin (8 U/mg meat protein, based on section 4.2.4.1) in 416 µL of kiwifruit extract (pH 
3) and 4.084 mL of sodium citrate buffer (100 mM, pH 3) 

0.4 
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